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ABSTRACT 


The  research  goals  of  this  ONR  sponsored  University  Research  Initiative  entitled  “Materials  for  Adaptive 
Structural  Acoustics  Control”  relate  directly  to  the  sensing  and  actuating  material  which  must  be  integrated  to 
function  in  adaptive  control  of  acoustic  structures.  This  report  documents  work  in  the  second  year  of  the  program 
and  for  convenience  the  activities  are  grouped  under  the  headings  General  Summary  Papers,  Materials  Studies, 
Composite  Sensors,  Actuator  Studies,  Integration  Issues.  Processing  Studies,  and  Thin  Film  Ferroelectrics. 

The  general  papers  cover  a  new  comprehensive  description  of  ferroelectric  ceramics  and  their  ^plications, 
analysis  of  high  temperature  piezoelectric  sensors  and  the  possible  application  of  nonlinearity  in  enhancing  the 
“smartness”  of  ceramics  and  composites.  Scale  effects  on  ferroics  are  of  increasing  interest  and  the  manner  in  which 
tuuio-scale  polar  regions  control  the  properties  of  relaxor  ferroelectrics  is  again  emphasized. 

For  material  studies  the  detailed  examination  of  the  evolution  of  diffuse,  then  relaxor  bdiavior  in  lanthanum 
modified  lead  titanate  has  been  completed.  Interest  in  the  soft  PZTs,  relaxor  and  phase  switching  materials 
continues,  with  a  new  thrust  developing  towards  a  more  complete  description  of  domain  walls  and  morphotropic 
phase  boundaries  in  perovskites.  Materials  issues  in  the  wear  out  and  fatigue  effects  in  polarization  switching 
systems  have  been  subjected  to  detailed  evaluation  and  the  precautions  necessary  to  fabricate  long  lasting  materials 
which  will  stand  lO^  switches  without  any  fatigue  are  delineated. 

Sensor  studies  have  continued  to  focus  on  flextensional  composites  and  have  demonstrated  both  the  very 
high  hydrostatic  sensitivity  and  the  amplified  actuation  response  of  this  configuration.  Integration  of  sensors  with 
the  “moonie”  actuators  has  been  accomplished  in  individual  cells.  Actuator  studies  cover  the  gamut  from  highly 
leimiducible  micro  positioning  using  electrostrictive  compositions  to  high  strain  polarization  switching  shape 
memory  ceramics  ci^ble  of  driving  a  latching  relay  device.  Studies  of  the  destruct  mechanisms  in  i»actical  MLA 
systems  complement  the  earlier  materials  work  and  show  the  importance  of  internal  electrodes  and  consequent  stress 
concentrations  for  crack  initiation.  Integration  studies  have  focused  upon  more  detailed  evaluation  of  1:3, 2:2  and 
tubular  1:3  composites  and  upon  the  influence  of  the  polymer  characteristic  and  of  face  plates  and  edge  guards  upon 
sensing  and  »:tuation  capabilities.  In  processing,  the  interest  in  dielectrophoretic  forming  of  composites  is 
continuing  and  assembly  of  interesting  1:3  composites  is  dononstrated.  Guidelines  for  the  transducer  application  of 
electrostrictive  mati-rials  have  beoi  formulated  and  a  useful  classification  scheme  proposed.  In  fiber  PZTs  techniques 
for  fabricating  thin  (30  |x)  fibers  are  demonstrated,  the  first  successful  technique  for  poling  fibers  is  described  and  it  is 
shown  that  prtqierly  poled  fibers  have  electro-elastic  charactoistics  similar  to  bulk  material.  Film  piqiors  are  selected 
to  reflect  the  transducer  capabilities  of  lead  titanate  and  of  phase  switching  lead  zirconate  titanate  stannate 
antifmoelectric  compositions. 
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APPENDIX  26 


COMPOSITE  FLEXTENSIONAL  TRANSDUCERS  FOR  SENSING  AND 
ACTUATING 


JAMES  F.  TRESSLER.  Q.C.XU.  SHOKO  YOSHKAWA.  KENJI  UCHINO.  and 
ROBERT  E.  NEWNHAM 

The  Pennsylvania  State  University.  Intercollege  Materials  Research  Laboratory, 
University  Park.  PA  16802  USA 


Abstract  A  ceramic-metal  composite  flextensional  transducer  has  been  developed  which 
integrates  both  sensing  and  actuating  (unctions  into  a  single  device  for  the  purpose  of 
suppressing  low-level  vibration  noise.  This  prototype  sensor/actuator  composite  is 
capable  of  detecting  and  completely  suppressing  in  real  time,  small  (<lpm)  vibration 
displacements  with  low  (<100g0  forces.  The  dynamic  frequency  range  of  the  device 
spans  from  lOOHz  to  at  least  2S00Hz.  TIm  acniator  portion  of  the  conq>osite  consists  of 
a  standard  (1 1mm  diameter.  3mm  diick)  “nsoonie**  transducer.  The  sensor  is  a  separate 
piece  of  piezoceramic.  0.1mm  thick,  imbedded  within  the  surface  of  the  actuator. 
Vibrations  are  detected  by  the  sensor,  then,  via  a  feedback  loop,  the  vibration  noise  is 
suppressed  by  die  actuator.  Potential  applications  for  this  device  include  active  optical 
systems,  rotor  suqiension  systems,  and  other  low-level  vitiation  suppression  devices. 


INTRODUCTION 

The  elimination  of  vibration  noise  has  adiieved  considerable  attention  in  recent  years,  both 
on  the  macroscopic  (smart  shock  absorbers)  and  microscopic  (active  optic  systems)  scale. 
The  fundamental  parameters  that  must  be  considered  for  a  vibration  control  device  are  its 
reqwnse  time,  as  well  as  the  force  and  vibration  di^lacement  amplitude  that  it  must  be  able 
to  cancel  (Mce  these  criteria  have  been  met  for  a  particular  application,  it  dien  becomes 
advantageous  to  reduce  costs  by  miniaturing  and/or  reducing  the  power  delivered  to  the 
device. 

Multilayer  piezoelectric  actuators  have  seen  extensive  use  as  vibration  control 


devices  because  of  their  large  generative  forces,  high  precision,  and  quick  response  time. 
Unfortunately,  large  driving  voltages  are  necessary  to  achieve  displacements  of  several 
microns.  By  sandwiching  a  multilayer  actuator  between  two  moonie  endcaps,  the 
displacement  is  amplified,**^  thereby  making  it  possible  to  reduce  the  driving  voltage^  or 
reduce  the  size  of  the  device.  The  response  time  is  only  slightly  slower. 

Using  this  information,  it  became  our  objective  to  fabricate  a  vibration  control 
device  based  on  the  moonie  actuator.  In  order  to  produce  the  most  efficient  device,  the 
sensing  and  actuating  functions  were  integrated  into  a  single  composite.  The  design  is 
shown  in  Figure  1.  The  actuator  portion  of  the  prototype  device  consists  of  the  standard 
moonie,  1 1mm  in  diameter  and  3mm  thick.  The  sensor  is  a  separate  piece  of  piezoceramic 
(PZT),  0.1mm  thick,  which  was  imbedded  within  the  upper  endcap.  The  sensor  detects 
sinusoidal  vibrations,  as  shown  in  the  Figure  1,  then  via  a  feedback  loop,  sends  a  signal  of 
appropriate  anqilitude  and  phase  back  to  the  actuator  so  that  the  latter  effectively  cancels  the 
external  viluation. 
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FIGURE  1  Integrated  sensor  and  actuate 


The  ability  of  the  moonie  actuator  to  aoively  control  external  vibiatioos  was  determined  by 
adhering  the  device  atop  a  vibrating  multilayer  actuator  of  known  frequency  and 
displacement  amplitude.  The  dynamic  frequency  range  of  the  sensor  was  found  by 
Inlying  a  sinusoidal  AC  field  to  the  moonie  actuator  and  observing  the  resulting  vibration 


signal  on  an  oscilloscope.  The  response  remained  relatively  flat  between  100  and  6000Hi. 

The  dau  in  Figure  2  show  that  the  integrated  sensor/actuator  device  can  indeed  be 
used  to  cancel  external  vibrations.  The  horizontal  axis  shows  the  IkHz  electric  field  applied 
to  the  moonie  actuator  when  the  field  applied  (at  IkHz)  to  the  multilayer  vibration  source 
was  either  7SV/mm,  12SV/mm.  or  250V/mm.  The  vertical  axis  shows  the  corresponding 
net  vibration  signal  amplitude,  which  comes  from  the  sum  of  the  multilayer  and  moonie 
vibrations.  The  results  show  that  whenever  the  applied  field  and  phase  shift  into  the  moonie 
are  adjusted  to  the  appropriate  magnitude,  die  net  vibration  signal  goes  to  zero,  indicating 
that  the  integrated  sensor/actuator  device  has  effectively  cancelled  the  external  vibration. 
The  reason  the  phase  shift  is  rather  than  the  expected  180*  was  due  to  the  polarization 
direction  of  the  sensor  being  opposite  that  of  the  actuatot 


etocoic  field  i^iplied  to  moonie  (Vftnm) 

FIGURE  2  Net  sensor  signal  response  as  a  funcdoD  of  electric  field  applied  to  the 
multilayer  vibration  source  at  a  ftequency  of  IkHz 

Figure  3  shows  how  the  net  vibration  signal  amplitude  changes  with  phase  shift 

when  the  applied  field  to  the  multilayer  is  12SVAnm  and  the  field  applied  to  the  moonie  is 

7.0SV/mm.  These  dau  show  that  when  the  phase  shift  between  the  two  fields  is  slightly 
greater  than  0*,  the  moonie  »d  multilayer  vibrations  have  the  same  displacement  amplitude 
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FIGURE  3  Sensor  signal  response  as  a  function  of  {riiase  shift  of  the  electric  field 

tq>plied  to  the  moonie 

and  are  exactly  180*  out-of-phase,  resulting  in  no  net  vibration  signal 

Figure  4  shows  die  applied  electric  field  and  phase  shift  (feedback  signal)  neeJed  to 
be  supplied  to  the  moonie  actuator  in  order  to  cancel  the  external  vibration  over  the  shown 
frequency  range  when  the  field  applied  to  the  multilayer  was  75V/mm.  Figure  5 
superimposes  the  subsequent  sensor  signal  amplinide  detected  from  die  multUayer  vibration 
source  both  with  and  without  the  feedback  signal  activated.  These  dare  show  diat  when  die 
feedback  field  given  in  Figure  4  is  activated,  the  multilayer  vibration  signal  can  be 
completely  suppressed  over  this  entire  frequency  range.  The  reason  2S00Hz  was  diosen  as 
the  cut-off  frequency  was  the  Inability  to  prevent  *^ltrasonic  floating**  (uiiich  arose  from 
incomplete  coupling)  by  die  moonie  atop  the  multilayer  at  higher  fiequendes. 

The  minimnm  and  maximum  electric  flelds  into  the  moonie  actuator  for  whidi  the 
sensor  signal  lemained  dnosddal  were  20QmVAnm  and  -370V/iaun.  reflectively,  ud  were 
independent  of  fkequency.  Ihese  fields  thus  define  the  dynamic  displacememt  range  that  the 
sensor  is  cfiaUe  of  detecthig  as  being  between  035nm  and  0.6Spm  (as  calculaied  by  finite 
element  analysis).^ 

The  external  fwce  that  the  integrated  sensor/actuator  could  detect  was  estimated 
from  the  output  voluge  of  the  sensor  (Equation  1).  Since  the  sensor  was  bonded  to  the 
actuator,  it  was  assumed  that  g^j  and  g^j  provided  the  major  contribution  to  the  ouqiut 
voh^.  Also,  since  the  sensor  was  square  in  shape,  it  was  ftmher  assumed  that  g3,ag,2* 
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FIGURE4  Field  and  phase  shift  ^)plied  to  the  moonieactustor  needed  to  cancel  the 
external  vibiation  tidien  the  field  applied  to  die  multilayer  vibration  source  is  7SVAnm 


FIGIJRE5  Sensor  signal  le^Kmse  both  with  and  without  die  feedback  circuit  activated 


phase  shift 


where  F  s  force  detected  by  the  sensor 
t  s  thickness  of  the  sensor 
A  s  area  of  the  sensor 


^oni  *  output  voltage  from  the  sensor 
g,!  s  piezoelectric  charge  coefficient 


It  was  further  assumed  that  the  maximum  and  minimum  force  detected  arose  from  the 
maximum  and  minimum  electric  fields  repotted  previously.  Table  I  provides  a  list  of  the 
values  used  for  diese  calculations. 

TABLEI  Values  used  to  calculate  force  detected  by  the  sensor  at  a  frequency  of  IkHz 


sensor  area  «  6JtS  X 10^  sensor  thickness  six  10^  m 

gj, «  -12.4  X 10-*  Vm/N 

(Vo«)i^  *  340mV  *  0.2mV 


Therefoie  Fow  «  0.8SN  »  8Sgf  and  Fata  s  0.5mN  •  O.OSgf.  The  reason  for  these  rather 
small  values  is  due  to  the  sensor  being  located  over  the  center  of  the  cavity,  which  is  the 
region  of  minimum  genersrive  force  fwfte  device.* 

Lastly,  Uie  response  time  of  the  device,  20psec,  was  estimated  from  the  resonance 
frequency  of  die  actuator,  SOkHz. 
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ABSTRACT 

In  recent  years,  piezoelectric  and  electrostrictive 
ceramics  have  been  used  in  many  actuators 
applications.  A  new  type  of  composite  actuator, 
which  is  based  on  the  concept  of  a  flextensional 
transducer,  has  been  devel(q)ed.  (1-6)  This  ceramic- 
metal  composite  actuator,  or  "moonie”  consists  of 
either  a  piezoelectric  ceramic  disk  or  a  multilayer 
stack  sandwich  between  two  specially  designed  metal 
end  caps.  This  new  design  provides  a  sizeable 
displacement,  as  well  as  a  large  generative  force.  In 
other  words,  it  bridges  the  gap  between  the  two 
most  conunon  types  of  actuator,  the  multilayer  and 
bimorph  (7). 


INTRODUCTION 

The  basic  configuration  of  the  ceramic-metal 
composite  actuator  (moonie)  is  shown  in  Figure  1. 
The  metal  end  ci^rs  serve  as  mechanical  transformers 
for  converting  and  amplifying  the  lateral  motion  of 
the  ceramic  into  a  large  axial  displacement  normal  to 
the  end  caps.  Both  the  d3]  («d32)  and  d3  3 
coefficients  of  the  piezoelectric  ceramic  contribute  to 
the  axial  displacement  of  the  composite. 


circumference,  taking  care  not  to  fill  the  cavity  or 
short  circuit  the  electrodes.  Composite  actuators  were 
also  stacked  together  to  get  higher  displacement  by 
using  silver  epoxy  at  the  centers  of  end  caps. 

The  displacement  of  the  composite  actuator  in  the 
low  frequency  range  was  measured  with  a  Linear 
Voltage  Differential  Transducer  (LVDT)  having  a 
resolution  of  approximately  0.05  pm.  The  effective 
piezoelectric  coefficient,  which  is  a  device  propeny, 
was  measured  at  the  center  of  the  samples  using  a 
modifled  Berlincourt  d33  meter  at  a  frequency  of 
too  Hz.  Resonant  frequencies  were  obtaintMi  with  a 
Hewlett-Packard  Spectrum  Analyzer  HP-3S8SA  or 
Network  Analyzer  HP-3577A. 


Matal 
lad  Capa 


Sample  Prepamion  and  McasuremcnllBghaiouc 

The  composite  actuators  were  made  from  electroded 
PZT'5A  PMN-PT,  or  multilayer  ceramic  disks  (11- 
12.7  mm  in  diameter  and  1  mm  thick)  and  end  caps 
(1 1-12.7  mm  in  diameter  with  thickness  ranging  from 
0.3  to  3.0  mm).  Shallow  cavities  8.5  to  9.0  mm  in 
diameter  and  about  200  pm  center  depth  were 
machined  into  the  inner  surface  of  each  of  the  end 
caps.  The  end  caps  were  machined  from  brass, 
phmphor  bronze,  and  acrylic.  The  ceramic  disk  and 
the  end  caps  were  bonded  together  around  the 


Figure  I.  The  geometry  of  the  ceramic-metal 
composite  actuator  “Moonie”.  Arrows  describe  the 
direction  of  displacement 

FEA  Modeling 

Two  commercially  available  FEA  programs  (ANSYS 
and  SAP90)  were  used  in  this  study  for  frequency 
response  analysis.  The  relationship  between 
admittance  and  frequency  was  calculated  using  3-D 
axisymmetric  piezoelectric  elements  in  ANSYS.  For 
the  displacement  analysis,  the  relationship  between 


displacement  and  applied  electric  field  was  calculated 
using  2D  axisymmetric  elements  in  SAP90.  Each 
model  was  divided  into  three  parts:  the  end  cap,  the 
PZT  ceramic,  and  the  bonding  layer.  Material 
parameters  used  in  this  analysis  were  Young's 
modulus,  density.  Poisson's  ratio,  piezoelectric 
constants,  and  dielectric  constants. 

EXPERIMENTAL  RESULTS 

Thickness  Dependence  of  Displacement  Values 

Figure  2  shows  the  displacement  at  the  cap  center  for 
composite  actuators  with  different  brass  thickness  at 
the  same  electric  field,  1000  kV/mm.  The  results 
show  that  a  composite  actuator  with  0.30  mm  brass 
thickness  can  produce  a  displacement  about  20  times 
larger  than  that  of  PZT  alone.  The  displacement 
amplification  is  inversely  related  to  the  thickness  of 
the  metal  end  caps.  FEA  calculation  agreed  very  well 
with  the  experimental  results. 
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Figure  2.  Comparison  of  the  displacement  calculated 
by  FEA  with  experimental  results  as  a  function  of 
end  ci^>  thickness. 

Frequency  Response  of  a  Moonie  Actuator 

From  the  frequency  response  analysis,  the  lowest 
three  resonant  hrequencies  were  calculated.  Figure  3 
shows  the  admittance  spectrum  of  the  moonie  plotted 
as  a  function  of  the  frequency  from  10  to  300  kHz. 
The  resonance  peaks  a{^)earing  at  SO,  187,  and  210 
kHz,  correspond  to  the  lowest  three  flextensional 
vibration  ttKxies.  The  first  flextensional  mode  can  be 
effectively  utilized  up  to  nearly  SO  kHz.  Based  on 


these  results,  the  coupling  coefficient  of  the  first 
mode  was  calculated  to  be  20%. 
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Figure  3.  Admittance  spectrum  of  the  moonie  (FEA  ) 

Figure  4  compares  the  first  flextensional  resonant 
frequency  calculated  by  FEA  with  those  obtained 
experimentally,  for  a  range  of  brass  end  cap  thickness. 
FEA  calculation  agreed  very  well  with  the 
experimental  results.  The  first  resonant  frequency  is 
approximately  proportional  to  the  square  root  of  the 
1»^  end  c^  thickness. 


Figure  4.  End  cap  thickness  dependence  of  first 
resonance  frequency. 

Lead  Effect  on  Displacement  of  a  Moonie  Actuator 

Nomudiy,  the  diq>lacement  decreases  when  a  load  is 
applied  to  the  actuator.  Figure  5  shows  the 
displacement  profile  across  the  exterior  surface  of  the 


moonie  when  four  different  loads  are  applied  over  an 
area  3  min^  under  an  applied  E-field  of  1  kV/mm.  By 
increasing  the  load,  the  center  displacement  is 
gradually  suppressed.  The  calculated  maximum 
generative  force  of  the  moonie  is  300  gf. 


Distance  from  the  center  (mm) 


Figure  S.  Calculated  displacement  profile  across  the 
exterior  surface  of  the  moonie  actuator  under  the 
application  of  different  loads. 

Maximum  Generative  Force  of  the  Moonie 

Even  though  the  flexural  motirni  and  displacement  are 
the  largest  at  the  center  of  the  end  caps,  the  generative 
force  is  low.  Fig.  6  shows  the  applied  force- 
displacement  relation  of  a  moonie  actuator  operated  at 
1  kV/mm.  A  moonie  actuator  with  0.30  mm  thick 
brass  caps  can  withstand  210  gf  while  sacrificing 
20%  of  its  displacement  value  (load  applied  at  the 
center  of  the  end  caps  over  Inun^).  The  maximum 
generative  force  of  the  moonie  actuator  with  0.30  mm 
thick  brass  end  caps  should  be  around  350  gf  (i.e.  the 
intercept  on  the  force  axis).  The  reason  for  the 
saturation  near  150  gf  is  probably  due  to  the 
increasing  contact  surface  of  the  LVDT  measurement 
tip. 

Trade-off  Between  Maximum  Generative  Force  and 
Displacement 

The  position  dependence  of  displacement  is  shown  in 
Fig.  7  fm  the  moonie  actuator  with  0.30  mm  thick 
brass  end  caps.  A  displacement  of  about  22  pm  was 
obtained  at  the  center  of  the  moonie.  Displacement 
decreases  dramaticaily  when  moving  from  the  center 
to  the  edge.  Conversely,  generative  force  increases 
when  moving  from  the  center  to  the  edge,  where  it 
approaches  that  of  PZT  ceramic.  Therefore,  it 


becomes  possible  to  tailor  the  desired  actuator 
properties  by  changing  the  contact  area  over  the  brass 
end  caps. 
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Figure  6.  Displacement-^lied  force  relation. 
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Figure  ZPosition  dependence  of  maximum  generative 
force  and  displacement. 

End  Cap  Material  Effect 

Four  end  cap  materials;  brass,  aluminum,  stainless 
steel  and  plastic  were  used  for  estimating  their  effect 
on  the  displacement  of  the  moonie  actuator.  Since 


they  have  different  densities.  Poisson's  ratios,  and 
Young's  modulus,  displacement  is  expected  to  be 
different  for  each  end  cap  material. 

Fig.  8  shows  the  effect  of  cap  material  on  the 
displacement  of  the  moonie  actuator  as  a  function  of 
the  cap  thickness  when  applying  a  1  kV/mm  electric 
field.  It  is  observed  that  the  lower  the  Young's 
modulus,  the  higher  the  displacement  over  the  entire 
cap  thickness  range.  All  three  meuls,  stainless  steel, 
brass,  and  aluminum,  show  little  difference  in 
displacement  when  greater  than  0.5  mm  thick.  Below 
a  thickness  of  0.5  mm,  differences  in  displacement 
i4>pear. 


Figure  8.  The  effect  of  end  cap  material  on  the 
displacement  value  of  moonie  actuator. 

Multistacked  Moonie  Actuator 

A  doubly  stacked  moonie  actuator  was  fabricated  by 
bonding  together  with  silver  epoxy  two  identical 
brass  capped  moonie  actuators  at  the  center  of  the 
c^.  Figure  9  shows  the  displacement  versus  electric 
field  curves  for  a  doubly-stacked  actuator  driven  by 
PZT-5A.  A  displacement  of  about  40  itm  was 
obtained  under  an  electric  field  of  1  kV/mm,  which  is 
almost  twice  the  simple  moonie  displacement  and 
nearly  20  times  that  of  an  uncapped  ceramic. 
Displacement  for  the  unc^>ped  coamic  is  also  shown 
for  comparison. 


Figure  9.  Displacement  characteristic  of  a  doubly- 
stacked  moonie  actuator . 

Intfigraittt  and  Acnaior 

By  integrating  both  sensing  and  actuating  functions 
into  a  single  composite,  the  moonie  device  can  be 
utilized  for  active  vibration  control.  The  prototype 
design  (Fig.  10)  consists  of  a  0. 10  mm  thick  PZT-5A 
sensor.  2.5  mm  on  edge,  imbedded  within  the  upper 
end  cap  of  a  sundard  moonie  actuator  ( 1 1  mm  in 
diameter.  3mm  thick).  External  sinusoidal  vibrations 
normal  to  the  end  cap  surface  are  detected  by  the 
sensor.  Then,  via  a  feedback  loop,  a  signal  of 
appropriate  amplititude  and  phase  is  applied  to  the 
actuate,  so  that  it  effectively  cancels  the  external 
vibration. 

The  sensitivity  of  the  sensor  was  found  by  applying 
a  sinusoidal  AC  electric  field  to  the  actuator  portion 
of  the  device  and  observing  the  subsequent  vibration 
signal  on  an  oscilloscope.  The  minimum  and 
maximum  electric  fields  into  the  moonie  actuator  for 
which  the  sensor  could  detect  a  sinusoidal  vibration 
signal  were  200  mV/mm  and  370V/mm.  respectively. 
These  minimum  and  maximum  electric  fields  thus 
define  the  dynamic  displacement  range  that  the  sensor 
is  capable  of  detecting  as  being  between  0.35  nm  and 
0.65  pm  (as  calculated  by  finite  element  analysis) 
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Figure  10.  Integrated  sensor  and  actuator. 

The  data  in  Figure  1 1  show  that  when  the  feedback 
circuit  is  activated,  the  prototype  integrated 
sensor/actuator  design  can  completely  suppress  the 
effects  of  an  external  vibration  between  100  Hz  and  at 
least  2500  Hz.  Over  this  frequency  range,  the  electric 
field  applied  to  the  moonie  actuator  was  nearly 
constant  and  its  phase  shift  remained  at  nearly  180* 
due  to  the  short  propagation  time  as  a  result  of  the 
moonie  actuator  being  in  close  proximity  to  the 
external  vibration. 
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Figure  11.  Sensor  signal  response  both  with  and 
without  the  feedback  circuit  activated. 
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Multilayer  composites  of  a  piezoelectric  material  and  a  piezomagnetic  material  can  be  designed  to  exhibit  niagnetuolcc- 
tric  (ME)  effect.  Such  a  composite  is  electrically  polarized  when  it  is  placed  in  a  magnetic  field  or  is  magnetized  uhen  an 
electric  field  is  applied  to  it.  Since  Ihe  phases  have  anisotropic  properties,  the  resulting  ME  coefficient  depends  on  the 
boundary  conditions  of  the  composite.  We  have  modelled  four  simple  cases  of  two-layer  structures  of  these  compoMtes  and 
derived  the  theoretical  expression  for  the  ME  coefficient  for  each  arrangement. 


1.  Introduction 

Magnetoclectric  (ME)  composites  of  a  piezoelectric  material  and  a  piezomagnetic  material  can  be 
designed  to  make  use  of  different  material  coefficients  depending  on  the  application.  Such  composites 
show  the  ME  effect  similar  to  that  observed  in  certain  antiferromagnetic  materials  like  Cr^Oj.  These 
materials  are  electrically  polarized  when  placed  in  a  magnetic  field  and  also  are  magnetized  when  an 
electric  field  is  applied  to  them.  In  composite  piezoelectric-piezomagnetic  (or  magnctosirictivc) 
materials,  a  phenomenon  called  ‘product  property’  causes  the  ME  effect  [1].  Thus  the  piezomagnetic 
effect  relating  magnetic  field  to  strain,  the  elastic  property  relating  strain  and  stress,  and  the 
piezoelectrt.  effect  relating  stress  and  electric  polarization,  together  give  rise  to  the  ME  effect  in  a 
composite.  Since  the  product  property  magnetoelectricity  in  a  composite  depends  on  the  piezoelectric, 
piezomagnetic  and  elastic  coefficients  of  the  component  phases,  theoretically  it  can  be  expressed  in 
terms  of  all  these  coefficients  of  the  components  for  different  boundary  conditions. 

There  can  be  various  types  of  ME  composites  depending  on  the  connectivity  of  phases  for  example 
3-0,  3-1  and  2-2  (2).  In  the  past,  most  of  the  literature  published  has  reported  ME  composites  of  the 
type  3-0  or  3-3  [3-6].  There  is,  however,  no  theoretical  work  reported  to  formulate  the  ME  effect  in  a 
composite.  The  theoretical  treatment  reported  by  Zubkov  [7]  is  not  sufficient,  since  it  does  not  consider 
all  ihe  relevant  coefficients. 

In  the  multilayer  type  of  ME  composites,  there  are  different  configurations  possible  as  shown  in  fig. 
1.  We  have  developed  theoretical  models  for  bimorphs  or  two-layer  composites.  These  configurations 
are  relatively  easy  to  make  on  a  macroscopic  scale  and  hence  the  models  can  be  tested  experimcniaily. 


2.  General  theory 

Since  magnetoelectricity  in  composites  involves  piezoelectricity  and  magnetostriction,  these  prop¬ 
erties  of  the  individual  phases  are  reviewed  here.  Piezoelectricity  is  expressed  as; 

P^dT,  (1) 
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(2-})rMdM 

I  — ^  J 


0-2)  hnlld 

Fig.  1.  Magnetoelectric  multilayer  composites  with  2-2  connectivity. 


where  P  is  the  polarization  (3x1)  matrix,  d  is  the  piezoelectric  coefficient  (3  x  6)  matrix  and  T  is  the 
stress  (6  x  1)  matrix. 

Piezoelectricity  can  be  expressed  in  a  different  manner  by  using  the  piezoelectric  voltage  coefficient 
matrix  g,  as  follows: 

^  =  (2) 

where  E  is  the  electric  field  (3  x  1)  matrix,  g  is  the  piezoelectric  voltage  coefficient  (3  x  6)  matrix.  The 
matrix  g  can  be  determined  if  d  and  the  dielectric  permittivity  matrix  P  are  known,  because  the  electric 
displacement  D  is 

D^dT  +  e^E  (3) 

and  when  D^O,  i.e.  for  open  circuit  condition, 

E  « i-dle^)T .  (4) 

From  eqs.  (2)  and  (4) 


(5) 
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Magnetostriction  can  be  expressed  as  follows,  assuming  no  hysteresis  (at  low  magnetic  fields); 

S  =  A//' ,  (6) 

where  S  is  the  strain  (6x1)  matrix,  A  is  the  magnetostriction  coefficient  (6  x  6)  matrix  and  is  the 
magnetic  field  squared  (6x1)  matrix. 

However,  the  magnetostriction  at  a  particular  bias  field  Hq,  can  give  rise  to  pseudo-piezomagnetism 
over  a  small  range  where  the  slope  of  the  magnetostriction  curve  dS/dH  can  be  assumed  to  be  constant. 


Thus  pseudo-piezomagnetism  at  a  bias  field  can  be  expressed  as: 

S  =  qii ,  (7) 

where  q  is  the  pscudo-piezomagnetic  coefficient  (6x3)  matrix.  Therefore  for  a  material,  a  general 
expression  for  the  strain,  which  takes  into  account  the  contribution  from  the  stress  field  (clastic  effect), 
the  electric  field  (piezoelectric  effect)  and  the  magnetic  field  (piezomagnetic  effect),  can  be  written  as: 

S  =  sT  +  dE  +  qH  ,  (8) 

where  s  is  the  compliance  coefficient  (6  x  6)  matrix. 

The  magnetoelectric  coefficient  a  is  defined  as 

P  =  e^kE  -  aH  ,  (9) 

where  k  is  the  dielectric  susceptibility.  Also 

D^P+eJi.  (10) 

Therefore  from  eqs.  (9)  and  (10) 

CokE  +  aW+ fioE  ,  (11) 

i.e.  D—eE-^aH.  (12) 

At  open  circuit  condition  D  =  0,  therefore 

E--{afE)H.  (13) 

We  thus  define  a  magnetoelectric  voltage  coefficient  a^£y  which  is 

«(£)=-(«/*)•  (14) 


Table  1 

Non-zero  coeffidenu  for  piezoelecUic  and  magnelostrictive  phases 
Piezoelectric  ceramic 

Piezoelectric  coeffleienis  Compliance  coefficients 


Piezomagnetic  ceramic 


Piezomagnetic  coefficients 


Compliance  coefficients 


148 


G.  Harshe  et  at.  /  Theoretical  modelling  of  multilayer  magnetoelectric  composites 


In  order  to  determine  0,^,  theoretically,  for  a  com|30site  material,  it  is  necessary  to  derive  an 
expression  for  the  electric  field  E  developed  across  the  sample  under  the  action  of  an  applied  magnetic 
field  H.  Then  the  ratio  E/H  is  equal  to  the  ME  voltage  coefficient 

It  becomes  very  difficult  to  operate  with  matrices  because  the  different  connectivities  make  it 
ncusMuy  lo  use  dilleiciil  luimulac  foi  dilfcieiil  cicmeuls  of  ihe  uialikes.  Hence  llie  cleiivaliuiis  fin 
magnetoeicctric  coefficients  are  carried  out  using  only  relevant  terms,  necessary  to  be  considered  for  a 
particular  composite  model.  Table  1  lists  the  various  coefficient  matrices  for  a  spinel  ferrite  with  cubic 
symmetry  and  a  poled  piezoelectric  with  a  6  mm  (or  »  m)  symmetry  about  the  poling  axis. 


3.  Composites  with  2-2  connectivity 

Composites  in  which  the  component  phases  have  connectivity  only  in  two  directions  arc  called  2-2 
composites.  There  are  several  cases  possible  in  the  2-2  type  of  ME  composites.  These  include  the 
variations  due  to  the  directions  of  E  and  H  with  respect  to  each  other  and  the  boundary  conditions  such 
as  clamped  ends  and  mechanical  bonding  between  the  two  phases.  Fig.  2  shows  four  cases  of  ME 
bimorphs  due  to  different  boundary  conditions  considered  in  this  paper.  The  expressions  for  these  cases 
have  been  derived  below.  It  is  assumed  that  there  is  no  electric  field  present  within  the  magnetostrictive 
phase  as  the  piezoelectric  phase  has  electrodes  on  the  two  opposite  faces  which  are  connected  to  the 
external  electric  field.  Also  the  magnetic  field  is  assumed  to  be  constant  through  out  the  space  so  that 
the  presence  of  the  piezoelectric  phase  with  magnetic  permittivity  of  approximately  1  does  not  affect  the 
magnetic  field  and  induction  experienced  by  the  magnetostrictive  phase. 

3.1.  Case  I:  free  body  with  both  phases  perfectly  bonded  together 

As  shown  in  fig.  2(a)  the  composite  in  this  case  is  a  stacked  arrangement  of  the  magnetostrictive 
phase  m  and  the  piezoelectric  phase  p,  bonded  together  with  a  glue.  Since  under  free  body  condition 
there  are  no  stresses  present  along  the  3  direction  in  both  the  phases,  hence 

(15) 

where  prefixes  m  and  p  denote  magnetostrictive  phase  and  piezoelectric  phase  respectively;  suffixes  I.  2 
and  3  denote  the  three  axes  direction  and  T,  is  the  stress  along  i.  Since  the  composite  is  assumed  to  be 
rigid,  the  strains  in  both  the  phases  along  the  transverse  directions  1  and  2  are  equal,  therefore 

=  (16) 

Sj  =  '"Sj  =  '»S,,  (17) 

where  S,  represents  the  strain  along  the  1  direction.  Also  the  total  force,  acting  on  the  composite  along 
the  direction  1  or  2,  which  is  the  product  of  the  stress  T,  or  Tj*  ^nd  the  cross  sectional  area,  is  zero  The 
cross  sectional  area  is  proportional  to  the  volume  fraction  “"v  or  **0,  as  the  layer  dimensions  (along  1  .ind 
2)  except  the  thickness  of  both  the  phases  are  equal.  Therefore 

(1«) 

(19) 

Finally,  the  electric  displacement  vector  D  in  the  piezoelectric  layer  is  zero  under  open  circuit  condition, 
therefore 


D»0. 


(20) 


(d)  CMC  IV 


Fig.  2.  Different  cases  of  ME  2-2  type  composites  due  to  different  boundary  conditions. 


Now  using  eq.  (8)  the  strains  along  1  are  given  by 

%  =  "r,  +  -S.J-T,  +  •s.j-T,  +  //,  (21 ) 

and 

'S,  -  'j./r,  +  *  '</„  e,  .  (22) 

since  the  piezoelectric  coefficient  -of  the  magnetostrictive  phase  *"^,^**0  and  the  piezomagnetic 
coefficient  of  the  piezoelectric  phase  =  0.  Also  since  "*^3,  ■»  “qj,  and  •'d,,  »  it  can  be  assumed 

that  “r,  “  "Tj  and  ‘‘r,  *  ’*rj.  Hence  with  these  assumptions  and  from  cqs.  (15),  (16),  (21)  and  (22)  we 
get 

C^n  +  +  •«„  H,  -  (’J„  +  +  'J,,  E, .  (23) 

Substituting  for  “Ti  from  eq.  (18)  in  eq.  (23)  we  get 

-On  +  ■»ii)’r,('i-/*i-)  +  ■?«  H,  -  ('J„  +  '»„)'r.  +  ’d„  E, . 


(24) 
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From  cq.  (20)  we  gel 

D,  =  T,  +  T,  +  "du  "T,  +  £,  =  0  ,  (25 

and  using  T,  =  Tj  and  ‘‘dj,  =  '’djj  we  get 

'T,  =  -('■e^,)£,/(2''d„)  .  (26 

From  eqs.  (24)  and  (26)  after  eliminating  ^T,  we  get 

-  (’*„  +  H, 

=  ("J,,  +  '4,r)(-('s^j)£j'(2''<(r,))  +  E>  • 

After  rearranging 

l(”4,.  +  "JirK's’,!)'"  +  ("Ji,  +  ,r)(''s^3r<'  -  "flE,  =  (-J"-!,.  ”f)«,  (27 

Now  the  magnetoelectric  voltage  coefficient,  defined  as  the  ratio  of  the  electric  field  produced  across 
the  sample  to  the  applied  magnetic  field  is 

®(£)33  “  ^3^^3 

.  - _ (-2"q..'d.,"t-) _ 

l(“4,.  +  "s,.)('e'„)'i.  +  ('s„  +  ‘'j„)('aT„)"t>-2(-'<f„)=’l.I-  ' 

3.2.  Case  II:  clamped  ends  with  no  friction  along  transverse  directions  (axes  1  and  2)  between  all  the 
surfaces  in  contact  with  each  other 

As  shown  in  fig.  2(b)  the  composite  in  this  case  is  a  stacked  arrangement  of  the  magnctostrictivc 
phase  m  and  the  piezoelectric  phase  p,  clamped  at  both  ends  with  thin  layers  of  lubricant  between  ail 
the  surfaces  in  contact  with  each  other  in  order  to  minimize  the  friction  along  axes  1  and  2.  Since  there 
is  no  friction  along  the  interface  (along  the  axes  1  and  2)  the  stresses  in  each  layer  along  the  axes  I  and 
2  are  zero,  therefore 

"•r,  =  *'r,=0,  (29) 

"72  =  •’72  =  0.  (30) 

Also  because  the  composite  is  stationary  the  stress  along  the  vertical  3  direction  in  each  layer  is  equal, 
therefore 

"‘73  =  '»73.  (31) 

Further,  due  to  the  rigid  clamps  total  strain  which  is  the  sum  of  the  strain  along  3  in  a  layer  times  the 
volume  fraction  of  that  layer  is  zero.  Hence 

53  =  "S3"t;  +  *’S3‘’w  =  0.  (32) 

The  electrical  displacement  D  is  zero  under  open  circuit  condition: 

D  ®  0 .  (33) 

Now  using  the  general  strain  expression  (8)  and  since  and  from  eq.  (32)  we  have 

+ •«„«,)*» + + ’d„E,yv~o.  (m; 

Since  D  «  0  we  have 
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=  -(’’e  33/^1^33) ^3  • 

Substituting  for  ’’Fj  from  eq.  (36)  in  cq.  (34)  we  get 
rS33[-Ce\3/^d,,)E,]  +  %3  H,rv  +  Cs33[-C^\3f%3)E3]  +  %3  =  0  . 

'"i'  +  '’^33  ”1')  -  (‘’^33)'  ”^^3  =  '"-?33  “^33  ^3  • 

Now  the  magnetoclectric  voltage  coefficient  is 

®(£)33  ~  ^3^^3  • 

.  _  _ *"^33  **^33  ^  _ 

••  «(E)33  (»’£^33(%3'"u  +  ‘‘.33^)  -('*r/33)^‘’u]  * 


(35) 

(36) 


3.3.  Case  III:  clamped  ends  and  both  phases  perfectly  bonded  together 

As  shown  in  fig,  2(c)  the  composite  in  this  case  is  a  stacked  arrangement  of  the  magnctostrictivc 
phase  m  and  the  piezoelectric  phase  p,  bonded  together  with  a  glue  and  clamped  rigidly  at  both  ends.  In 
this  case  the  transverse  strains  are  zero  due  to  the  rigid  bonding  of  the  layers  and  the  clamping, 
however,  the  stresses  along  1  and  2  need  not  be  zero.  Other  things  remain  same  as  in  the  previous  case. 
The  boundary  conditions  then  are 


"r,  =  'r, , 

(38) 

5,-"5,  =  ''S.=0, 

(39) 

II 

II 

II 

o 

(40) 

S,*-S,”w  +  '’S,’’ii  =  0, 

(41) 

l>  =  0. 

(42) 

where  the  notations  denote  the  same  quantities  as  in  the  previous  case.  Now  using  the  general  strain 
expression  (8)  and  since  =  0  and  =  0  we  have 

”5,  =  -53,  -r,  +  %  -r,  +  -5,3  -r,  +  -i?,,  //, 
and 

~  ’’s,,  T,  +  ^5,2  +  ^5,3  **r,  +  £, . 

Therefore  from  eqs.  (38),  (41)  and  also  assuming  ”7, »  "7,  and  •’7,  *  T,  since  -9,,  “  "*<73,  and 
'<*11  -  '<*11  *«  g« 

■oic*,, + %rr, + n, + H,] + 'p1(% + '3y,n, + % + '</„  £,1=0. 

On  rearranging  we  get 

(-5,,  +  -532)-T,-u  +  ("s,,  +  '’5,2)‘’r.''u  +  (-53, -w  +  '•5„"o)'’r,  +  Ey  =  -•q33'^vH, .  (43) 

Since  *5,  =  0  and  ^5,  ®  0,  using  eq.  (38)  we  get 
-S,  -  (-5,3  +  -5„)-7,-+  -5„  n,  +  H,  -  0 . 

Hy  +  -5|3^T,)/(  5||  +  5|2)  . 


(44) 
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Similarly 

■'r,  =  £3  +  '’^,3%)/(‘’^m  +  ‘’^12)  • 

Substituting  for  "T,  from  eq.  (44)  and  ”7',  from  cq.  (45)  in  eq.  (43)  we  get 

l-(%,  +  %)("’<?3.  "3  +  ^T,rv/rsn  +  ^u)l 
+  (-(%!  +  %2)i%l  Ey  + 

+  ('"533'"u  +  '’533'’‘')'’7'3  +  ‘■^33 ‘*‘^£^3  =  ' '"‘?33 ^3  • 


Rearranging  this  we  get 
-  CJ,!  +  +  'j,:)  +  (”l,, 

=  +  (%1  +  "olCs,,  +  . 

(-{"■>31  +  ”J33)('J11  +  '^ll)"»13  -  ('*31  +  "*3l)(''*ll  + 

+  +  'l3j'u)(''*|l  +  “*33)('*ll  +  "■'l3)l'^3 

+  l("*,l+**13)('*ll  +  '*3l)'‘'33'» 

-  ('*31  +  '*33)(“*ll  +  ”*ll)'<(31  '«’lf3 

=(-(’*.i+’»i:)('*ii+'»i3)’«i>"‘’ 

+  (’*31  +  '*3.)('*n  +  '*.3r‘J3.’«'lH3  ■ 

Since  D  =  0  we  have 

£>,  =  2  "r,  +  £,  =  0 . 

Substituting  for  **1,  from  eq.  (45)  we  get 

Ey  +  +  ’’Sll)!  +  ^dyy^Ty  +  £3  =  0. 

T,  -  IPC.*,,)’  -  '«'33('*ll  +  '*.3)l'l'‘'33('*..  +  '*«)  -  2'‘'31  '*1311^3  ' 

Substituting  for  Tj  from  eq.  (49)  in  eq.  (46)  we  get 

l-(%,  +  ^32)('’^u  +  -  (^.  +  "^n)rsu  + 

+  ('"jj3"u  +  +  '"«i2)(‘’^n  '’*i2)H12('*‘^3i)*  “  ‘’e^sC’^ii  "■^12)1 

/rrf33('’^..  ”*.2)  -2%,'’s.,11£3  +  ((’"^n  + 

+(%,+%)(^.+^2r93i"’«^i«j' 

U-(%l  +  %2)('*«II  +  ''*l2r«l3"«^  - 

+  ("■S33*0  +  %'w)('"*U  +  “^I2)(''^u  +  '’*I2)P(’'</3|)*  -  '’«^3('’^II  + 

+  [CSm  +  "^12)(''*ll  +  ''*I2)'’<'33'’<'  “  ("^31  +  '’^32)("‘^II  +  "*'1 

rrf33(’’*U  + 
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-  +  '■s„r<,„  "U  +  ("J„  +  +  -I,,)",,,  "1,1 

Now  the  magnetoelectric  voltage  coefficient  is 

®(e)33  “  ^3^^3 

ii-n,,  +  \2r<f3ro + (%, + -ui 

l%3(\.  +  ^2)  -  2-^3.  \3l(^,  + ‘’Ju)! 

®(E)33  - - - — - - - - — - -  (51) 

ll-('"^3,  +  '"s,2)('’^n  +  -  Cs„  +  '’^32)("’^n  + 

+ rs,r^ + vu)rs„ + \2X\t + '’^.2)K2('’rf3,)^  -  + ^s,,)] 

+  IC"^..  +  '"^,2)(‘’^,.  +  -  {%,  +  \,)rsu  + 

^  l*'^33(**'^U  ■*■  **■^12)  ~  2*’rfj,  **513]]  . 

3.4.  Case  IV:  clamped  ends  with  no  friction  along  traverse  directions  (axes  1  and  2)  between  the 
clamps  and  the  sample  with  two  phases  perfectly  bonded  together 

As  shown  in  fig.  2(d)  the  composite  in  this  case  is  a  stacked  arrangement  of  the  magnctostrictivc 
phase  m  and  the  piezoelectric  phase  p,  clamped  at  both  ends  with  thin  layers  of  lubricant  between  the 
surfaces  of  the  clamps  and  the  sample  in  contact  with  each  other  in  order  to  minimize  the  friction  along 
axes  1  and  2,  and  the  two  phases  are  perfectly  bonded  with  a  glue.  In  this  case  the  total  transverse 
forces  are  zero,  that  is  the  force  on  each  layer  along  the  direction  1  or  2  is  exactly  equal  and  opposite  of 
that  in  the  other  layer  which  gives  us  the  eqs.  (S2)  and  (S3)  below.  The  stress  along  3  in  each  layer  are 
equal  to  each  other  which  corresponds  to  eq.  (54).  Also  the  transverse  strains  in  each  layer  is  equal  due 
to  perfect  bonding  between  the  layers,  which  results  in  the  eqs.  (55)  and  (56)  below. 

=  ,  (52) 

'"o'"rj  =  -’’i;'’rj,  (53) 

(54) 

■"S,  =  %  ,  (55) 

=  (56) 

Finally  the  total  strain  along  3  is  zero  due  to  the  clamping  and  the  electric  displacement  D  is  also  zero 
due  to  the  open  circuit  condition.  Therefore 

5j  =  "5j"'u  +  '’5j‘*o  =  0.  (57) 

D  =  0.  (58) 

Now  using  the  general  strain  expression  (8)  and  since  ’"d,f-0  and  ^qij-O  from  eqs.  (54)  and  (57) 
with  the  assumptions  that  "T,  *»  "Tj  and  T,  «  we  have 

(  531  T|  +  "532  7'|  +  "s33^r3+  qyjHy)  ^  (fjj,  *f  ^532^7,  +  *^533  +  **</33  Ej)^!;  *  0  . 

Substituting  for  eq.  (52)  from  the  above  and  on  rearranging  we  get 

+  V)  -  Csyt  +  %)ru'’r,  +  (%-t;  +  '•53,'’u)'’r3  +  %y^V Ey  -  -’^qyy’^v Hy  .  (59) 

Since  *S,  “  ^5,  from  eq.  (55)  we  have 
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("j„  +  ’j,:rr,  +  H,  =  ('s,,  +  "j,,)'’?,  +  's./r,  +  'd,,  £,  . 

From  eq.  (52)  and  on  rearranging  we  get 

+  ("a,.  -  ''i„)"t-'’r,  -("j,,  +  -  -d,,  ~ve,  = 

lO.i  +  "•'ir)'"  +  +  "J,r)”>'l'r,  -  ("J„  -  '’J„)"r,'’r.  +  "dj.’trE,  =  "q„"'nH,  ^ 

_  n  _  _  A _ _  L^^.adtk 


Since  D  =  0  we  have 


D,  -  2  "rfj,  **7,  +  '’rfjj  n,  +  £,  =  0 . 

Substituting  for  ‘T,  from  (62)  in  (59)  we  get 


-ICar,  +  %r)  '  ("*J.  +  %)l"<'('''r,  £.  +  "‘'j.'T,) 

+  (’j„"u  +  '’s„''o)2'>dj,  -r,  +  2''d„ %/■.£,  =  -2'd„  . 

After  rearranging 

l-lCi,,  +  '*,!)-(%■  +  +  iV"  +  %,’'n)2'd„|'>r, 

+  +  "*«)  -  Ciy,  +  ’ajaM’a'a'j,  +  Z't'r,  . 

p_  _  [[(*■^31  **'^32)  ~  (  ^31*^  '^}2)1***^**^  3>  ~  ^**^31  **^33**^1^3  ^**^31  ?33 

^  I~l(*''*3l  ■*■  *'•*32)  “  (  ^31  "*■  '*32)1**^**^33  ■*■  (  *33  ***33  **‘^)2*’</3ll 

Substituting  for  T,  from  eq.  (62)  in  eq.  (61)  we  get 

.*.  —  [(  S||  +  +  (’’■*11  +  **5(2)  ylC^®  33  ^3  ^^33  **^3) 

-  ("’*,3  -  -r,  +  2[%,f’”vE,  =  2%,  "q,,  "uH, . 

After  rearranging 

• .  i-w"*., + "’*ury + (***.. + '’*.2r«^rrf33  - (*"*.3  -  \^rv2'^d,,rT, 

+  I-IC"*,.  +  ■"*,2)’’«^  +  (***..  +  \2rvr^\3  +  2('’rf3.)'"‘'J£3  =  2-c/,,  "^3,  "uW,  . 

Substituting  for  T3  from  eq.  (64)  in  eq.  (65)  we  get 

••  i-i("*,i + "‘*12)***^ + ('*.1 + -  r*,3  -  '**,3r*'2'*rf„i 

X  B('»3.  +  '»33)  -  (%.  +  ’»3,)r‘''«\3  -  2'<'3.  '‘'33'»1£3 

-  2’<'3.’«33’<'1-IC>1.  +  ‘'.a)'"  +  ('»..  +  '*,a)’t'r<'33  -  ("*.3  -  'j.3)’n2'd„|H, 

+  l-ir»r.  +  ’Jra)'"  +  ('>..  +  '».ar»r'%3  +  ’"I 

X  (-(('*3,  +  '•>31)  -  (*»31  +  %))"<>'<<33  +  (^a’x  +  '>33'‘')2'<'3.1«3 
-2'<<3t’«3l’>'l-l('»3l  +  %)  -(’>3.  +  ’»3:)1'*''<'33  +  (’133 +  '•'33'«)2'<'3. 1«3 

After  rearranging 

•••  ll-l(*»tl  +  +  ('»it  +  '’»rir'>r‘'33  -  ('*13  -  '»13)'''2’<'3.1 

X  (((%  +  '»„)-  CJa,  +  '‘’33  -  2'‘'3.  ’<'33  '<-1 

+  l-K'^.r  +  ■»«)'•’  +  ('*it  +  '»rar*-l’*^3  +  2('<'3.)’'<'l 


(60 


(61 


(62 


(63 

(64 


(65 


G.  Harshc  et  at.  /  Theoretical  modelling  of  multilayer  magnetoelectric  composites 


155 


X  (-((%,  +  "5,2)  -  Os,  +  +  Cs.rv  + 

=  R3ll-l('’^31  +  ”^32)  -  r^jl  +  %2)ru‘’^33  +  ("'^33'"^  + 

+  "</33[-I('"^n  +  -  (-"j,,  -  ”'vHy  . 

Now  the  magnetoeleclric  voltage  coefficient  is 


«(£)33  “  * 


*t£)33 


("jjit-lCsj,  +  '!„)  -  ("j„  +  +  ("j„" 

+  "lyMCs,,  "s„rv  *  Ji-d„  -  O 

ii-[(*j„ + \,r» + cj,,  +  "j.jri.r.i,,  -  ("s,.  - ' 


(66) 


+  l-l(‘ 

»  •  <  n 


Thus  the  ME  coefficients  for  four  cases  of  2—2  composites  have  been  derived.  Fig.  3  shows  all  other 
possible  variations  of  these  by  having  the  magnetic  field  an  the  electric  field  in  different  directions 
instead  of  parallel  to  each  other  along  3  axis  as  was  considered  in  above  cases.  However  these  cases  do 
not  yield  much  different  results  other  than  only  the  coefficients  "<73,  and  "‘<733,  and  ^di^  and  ^d^j  will  be 
interchanged  in  the  final  expressions.  Since  the  above  cases  were  simple  stacking  of  the  two  phases  and 
since  it  is  not  difficult  to  measure  the  £3  field  developed  across  the  piezoelectric  phase  in  actual 
composites,  £3  field  has  been  taken  as  the  one  developed  across  the  piezoelectric  layer  only  and  not  the 
whole  composite. 


Pkmiecirle  phaaety) 
Mapadoairkthra  pbaaa  (■) 


% 
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Tabic  2 


Properties  of  different  materials  used  for  culcuintioiis  of  ME  effect  in  composites  jS-lOJ.  "</:  puvoni.igni.'iie  (.oeftieient.  ’’d 
piezoelcetrie  coefficient,  e;  dielectric  pcimittivily.  r’:  dielectric  i^crmiltivity  at  constant  stress  for  pieroelctiiie  materials. 
compliance  coefficient,  compliance  eoefficient  at  constant  electric  field  for  piezoelectric  material 


Material 

CoFej04 

BaTiO, 

PZT-4 

PZT-5A 

pzr  5H 

PZT-8 

"<j„(IO"'m/A| 

556 

- 

- 

- 

- 

_ 

"<f„(IO''’m/Aj 

1880 

- 

- 

- 

- 

- 

••rfj.IlO-'-C/N) 

- 

-78 

-123 

-171 

-274 

-90 

"r/jjIlO'-C/N) 

- 

190 

289 

374 

593 

225 

j,,  on*,,  (10'**  m'/N) 

6.48 

7.25 

12.3 

16.4 

16.5 

11.5 

j,,  or  J*,j  mVN) 

-2.37 

-3.15 

-4.05 

-5.74 

-4  78 

-3.7 

5*„(IO‘'m'/N| 

- 

-3.26 

-5.31 

-7.22 

-8  45 

-4  8 

j*3,(10  ‘'mVNl 

- 

10.8 

15.5 

18.8 

20.7 

13.5 

fyjfCgOte  j]/fo 

10 

1345 

1300 

1700 

3400 

1000 

Table  3 

Magnctoeicctric  voltage  coefficients  in  (V/m)/(A/m)  for  2-2  composites  of  different  materials  calculated  using  theoretical 


models:  "u  is  the  volume  fraction  of  piezomagnctic  phase;  'u  is  the  volume  fraction  of  piezoelectric  phase;  a,,,,,,  is  the  ME 
voltage  per  unit  thickness  of  the  piezoelectric  phase;  is  the  ME  voltage  coefficient  per  unit  thickness  of  the  composite 

obtained  by  multiplying  a,c,„  by  the  volume  fraction  of  the  piezoelectric  phase  'v 

••u 

Case  1 

Case  11 

Casein 

Case  IV 

®(C1M 

"  <CIS3 

®ltlM 

“  tern 

®  If  iij 

CoFejO, 

O.IO 

and  BaTiO, 
0.90 

0.184 

0.166 

-0.391 

-0.352 

-0.181 

-0.162 

-0.I9I 

-0.172 

0.30 

0.70 

0.583 

0.408 

-1.214 

-0.850 

-0.573 

-0.401 

-0.612 

-0.428 

0.50 

0.50 

1.028 

0.514 

-2.097 

-1.048 

-1.015 

-0.508 

-1.094 

-0  547 

0.70 

0.30 

1.526 

0.458 

-3.046 

-0.914 

-1.516 

-0.455 

-1.648 

-0494 

0.90 

0.10 

2.089 

0.209 

-4.071 

-0.407 

-2.088 

-0.209 

-2.288 

-0.229 

CoFe,04 

0.10 

and  PZT-4 
0.90 

0.284 

0.256 

-0.586 

-0.527 

-0.329 

-0.296 

-0.292 

-0.263 

0.30 

0.70 

0.796 

0.557 

-1.837 

-1.286 

-1.084 

-0.759 

-1.0.32 

-0.722 

0.50 

0.50 

1.244 

0.622 

-3.208 

-1.604 

-2.000 

-1.000 

-1.977 

-0.989 

0.70 

0.30 

1.640 

0.492 

-4.717 

-1.415 

-3.135 

-0.941 

-3.135 

-0.940 

0.90 

0.10 

1.992 

0.199 

-6.386 

-0.639 

-4.580 

-0.458 

-4.518 

-0.452 

CoFCjO* 

0.10 

andPZT-5A 

0.90 

0.294 

0.265 

-0.508 

-0.457 

-0.278 

-0.250 

-0.246 

-0  221 

0.30 

0.70 

0.786 

0.550 

-1.631 

-1.142 

-0.921 

-0.645 

-0.877 

-0.614 

0.50 

0.50 

1.182 

0.591 

-2.924 

-1.462 

-1.717 

-0.858 

-1.699 

-0  849 

0.70 

0.30 

1.508 

0.452 

-4.429 

-1.329 

-2.727 

-0.818 

-2.726 

-0818 

0.90 

0.10 

1.780 

0.178 

-6.202 

-0.620 

-4.050 

-0.405 

-3.992 

-0  399 

CoFCjO, 

0.10 

and  PZT-5H 
0.90 

0.236 

0.212 

-0.423 

-0.381 

-0.234 

-0.211 

-0  217 

-0.195 

0.30 

0.70 

0.632 

0.442 

-1.347 

-0.943 

-0.767 

-0.537 

-0.746 

-0  522 

0.50 

0.50 

0.951 

0.475 

-2.391 

-1.196 

-1.406 

-0.703 

-1.400 

-0  700 

0.70 

0.30 

1.21 

0.364 

-3.582 

-1.075 

-2.188 

-0.656 

-2.187 

-0  656 

0.90 

0.10 

1.43 

0.143 

-4.952 

-0.495 

-3.165 

-0.317 

-3.122 

-0.312 

CoFejO, 

0.10 

and  PZT-8 
0.90 

0.291 

0.262 

-0.625 

-0.562 

-0.356 

-0.321 

-0.332 

-0.298 

0.30 

0.70 

0.813 

0.569 

-1.940 

-1.358 

-1.156 

-0.809 

-1.125 

-0.788 

0.50 

0.50 

1.26 

0.634 

-3.352 

-1.676 

-2.096 

-1.048 

-2.087 

-1.043 

0.70 

0.30 

1.66 

0.501 

-4.870 

-1.461 

-3.217 

-0.965 

-3.216 

-0.%5 

0.90 

0.10 

2.02 

0.202 

-6.508 

-0.651 

-4.578 

-0.458 

-4.514 

-0451 

G.  Harshe  el  at.  <  Theoretical  modelling  of  multilayer  magnetoelecinc  composites 


)S7 


Hesuits  and  discussion 


Table  2  gives  the  coefficients  for  various  materials  used  for  calculations  using  the  formulae  derived 
above.  The  ME  coefficient  0(£)33  values,  have  been  calculated  for  composites  of  piezoelectric  UuHOy, 
or  Pb(Zr,Ti)0,  with  magnetostrictive  CoFej04.  Table  3  shows  the  results  of  the  calculations  tor 
different  volume  fractions.  These  models  suggest  that  theoretically,  a  large  ME  effect  can  be  obtained 
as  shown  by  the  calculations  of  0(£)33  values.  The  values  show  maxima  at  50-50  vol%  composition  for 
each  composite.  Composite  of  Co  ferrite  with  PZT-8  shows  the  largest  ME  effect  under  the  boundary 
conditions  of  Case  II  namely,  =  -1.676  (V/m)/(A/m)  which  is  equal  to  1.34  (V/cm  Oe).  That  is. 
when  such  a  imposite  is  placed  in  a  magnetic  field  of  1  Oe  (79.58  A/m)  the  voltage  generated  across  a 
sample  of  *  •  n  thickness  is  1.34  V. 

The  effec.  dielectric  constant  variation  and  piezoelectric  coefficient  variation  on  the  ME  voltage 
coefficient  is  shown  in  figs.  4  and  5.  The  graphs  in  fig.  4  show  that  as  the  e  value  increases,  the  a,^  ,,3 
value  decreases  rapidly.  This  is  obvious  because  the  ME  voltage  coefficient  is  inversely  proportional  to 
the  dielectric  constant.  The  effect  of  piezoelectric  coefficient  variation  is  reported  as  the  extent  of  pi>ling 
since  for  calculation  purpose  it  was  necessary  to  assume  different  values  for  both,  dj,  and  r/jj  which  is 
equivalent  to  considering  partially  poled  composite.  The  dependence  of  a(£)33  on  the  extent  of  poling 
shows  more  or  less  a  linear  behavior. 

Magnetoelectric  coupling  coefficient  (^me)  cannot  be  predicted  using  the  mechanical  coupling 
coefficients  for  the  piezomagnetic  an  piezoelectric  materials  because  the  boundary  conditions  are 
different  for  the  single  phase  materials  and  for  the  composite. 

We  have  prepared  multilayer  ME  composites  of  CoFcjO^-PZT  which  showed  encouraging  results 
(11, 12].  Table  4  compares  the  experimental  values  of  the  ME  voltage  coefficients  with  the  theoretical 
values,  for  three  different  types  of  multilayer  composites,  for  free  body  type  boundary  conditions  (Case 
I).  The  experimental  values  are  lower  because  the  composites  could  not  be  poled  completely  (in 
CoFe204:PZT4)  or  the  presence  of  the  bonding  medium  at  the  interface  (in  CoFc204:PZ18  and 
CoFe204:PZT5H)  reduced  the  stress*strain  interaction  of  the  layers  of  the  two  phases.  The  maximum 
ME  voltage  coefficient  was  92.8  (V/m)/(kA/m)  in  the  case  of  cofired  multilayer  composites  of 
CoFe204:PZT4. 
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Table  4 

Experimental  values  of  magnetoelectric  voltage  coefficients  for  mechankaily  bonded  and  cofired  multilayer  compoviicv  ji  I  kll 
//«  -  0.35  kA/m,  -  39.78  to  1 193  kA/m  _ _ 


Materials 

Piezoelectric 

coefficient 

d„llO'*C/NI 

Maximum  ME 
coefficient 

«,z,Ml(V/m)/(kA/m)) 

Thcorclical  ME 
coefficient 

o,4„,|(V.'m>  (kA/in 

CoFe,04:PZT-4 
(tape  cast) 

140 

92.8 

199  to  622 

CoFCjO^-.PZT-S 
(glued  thick  disks) 

285 

18.6 

202 10  634 

CoFe,0«:PZT-5H 
(thin  disks  bimorph) 

550 

74.4 

143 10  475 

5.  Conclusions 

Theoretical  models  for  2-2  ME  composites  have  been  developed  for  four  different  sets  of  hounda 
conditions.  The  calculations  for  different  composites  show  that  large  voltages  can  be  generated  aero 
sueh  composites  because  of  the  product  property,  magnetoelectricity.  The  effect  of  dielectric  ar 
piezoelectric  properties  on  the  ME  properties  has  been  studied.  The  experimental  results  showed  ih 
the  maximum  ME  voluge  coefficient  was  92.8  (V/m)/(kA/m)  in  the  case  of  cofired  muliilay. 
composites  of  CoFe204:PZT4. 
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ABSTRACT:  A  sman  material  is  one  that  can  perform  both  sensor  and  actuator  functions.  This 
definition  allows  for  some  flexibility  in  deciding  how  to  qualify  a  material  as  "sman"  since  the  fun- 
damenul  mechanisms  of  operation  may  differ  greatly  between  types  of  smart  materials.  From  the 
point  of  view  of  an  electroceramist,  piezoelectric  materials,  w  hich  show  reversible  electromechan¬ 
ical  coupling,  may  be  thought  of  as  ‘naturally'  smart  materials  since  the  same  piezoelectric  material 
may  act  as  a  sensor  and/or  an  actuator.  Piezoelectric  single  crystals,  polymers,  and  poled  poly¬ 
crystalline  ceramics  all  show  good  electromechanical  coupling.  In  addition,  they  may  be  combined 
in  a  composite  material  that  exaggerates  their  beneficial  propenies  by  eliminating  their  detrimental 
properties.  Some  common  piezoelectric  materials  are  reviewed,  along  with  some  examples  of  sman 
materials  that  incorporate  piezoelectric  ceramics. 


LNTRODUCTION 

The  concept  of  creating  a  higher  form  of  materials  and 
structures  providing  the  necessary  life  functions  of 
sensing,  actuating,  control,  and  intelligence  to  those  materi¬ 
als  is  a  prime  motivation  for  studying  smart  materials. 
Sman  materials  are  pan  of  sman  systems -functional 
materials  for  a  wide  variety  of  engineering  applications. 

This  notion  of  a  sman  system  has  implications  in  a 
number  of  otherwise  unrelated  areas:  sman  medical 
systems  for  the  treatment  of  diabetes  with  blood  sugar  sen¬ 
sors  and  insulin  delivery  pumps;  sman  airplane  wings  that 
achieve  greater  fuel  efficiency  by  altering  their  shape  in  re¬ 
sponse  to  air  pressure  and  flying  speed;  sman  toilets  that 
analyze  urine  as  an  early  warning  system  for  health  prob¬ 
lems;  sman  structures  in  outer  space  incorporating  vibra¬ 
tion  cancellation  systems  that  compensate  for  the  absence  of 
gravity  and  prevent  metal  fatigue;  sman  houses  with  elec- 
trochromic  windows  that  control  the  flow  of  heat  and  light  in 
response  to  weather  changes  and  human  activity;  sman  ten¬ 
nis  rackets  with  rapid  intertul  adjustments  for  overhead 
smashes  and  delicate  drop  shots;  sman  muscle  implants 
made  from  rubbery  gels  that  respond  to  electric  fields; 
sman  denfal  braces  m^e  from  shape  memory  alloys;  sman 
hulls  and  propulsion  systems  for  navy  ships  and  submarines 
that  detect  flow  noise,  remove  turbulence,  and  prevent  de¬ 
tection;  and  snun  water  purification  systems  that  sense  and 
remove  noxious  pollutants. 

To  begin  our  discussion,  we  first  define  “smart''  to  set  the 
limits  for  classifying  smart  materials.  In  the  simplest  terms, 
a  smart  material  is  not  simply  an  actuator  or  a  sensor,  but  a 
material  that  performs  both  functions.  It  is  a  material  that 
senses  not  otily  a  change  in  its  environment,  but  also  re¬ 
sponds  to  that  change  in  some  positive,  useful  way.  There 
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are  many  degrees  of  smartness  possible  in  materials;  often, 
a  merely  'smart'  material  can  be  engineered  into  a  '^‘ery 
smart*  ninable  device  or  even  an  “intelligent"  material, 
where  the  sensor  and  actuator  functions  are  integrated  with 
the  information  processing  chip.  Many  modem 
materials  have  been  cleverly  designed  to  carry  out  useful 
functions,  and,  it  seems  that  we  are  justified  in  calling  them 
"smart*.  They  ate  decidedly  better  than  the  "sensible” 
materials  of  foe  past. 

One  distinction  that  should  be  made  immediately  is  that 
of  passive  as  opposed  to  acu've  smartness.  A  passively  smart 
material  has  foe  ability  to  respond  to  environmental  condi¬ 
tions  in  a  useful  manner,  often  incorporating  self-repair 
mechanisms  or  sund-by  phenomena  which  enable  foe 
material  to  withstand  sudden  changes  in  its  surroundings. 
Ceramic  varistors  and  PTC  thermistors  are  good  examples 
of  passively  smart  materials.  When  struck  by  high-voltage 
lightning,  a  zinc  oxide  varistor  loses  most  of  its  electrical  re¬ 
sistance  and  foe  current  is  by-passed  to  the  ground.  The  re¬ 
sistance  change  is  reversible  and  acts  as  a  stand-by  protec¬ 
tion  phenomenon.  In  a  simiilar  way,  barium  titanate  PTC 
thermistors  show  a  very  large  increase  in  electrical  resis¬ 
tance  at  foe  ferroelectric  phase  transformation  near  130*C. 
The  jump  in  resistance  enables  foe  thermistor  to  arrest  cur¬ 
rent  surges,  acting  as  a  proteaion  element. 

An  actively  smart  material  senses  a  change  in  foe  en¬ 
vironment,  and  using  a  feedback  system,  makes  a  useful  re¬ 
sponse.  Again,  it  is  both  a  sensor  and  an  actuator.  One  ex¬ 
ample  of  this  is  foe  electrically  controlled  automobile 
suspension  ^stem  currently  produced  by  Toyota  for  their 
Lexus  line  [I].  A  piezoelectric  sensor  detects  road  irr^- 
uiarities  and  feeds  the  signal  into  a  piezoelectric  acmator 
system,  which  automatically  resets  the  suspension  to  com¬ 
pensate  for  foe  irregularity.  The  whole  process  ukes  only  a 
few  milliseconds,  thus  continuously  damping  bumps  and 
dips  to  give  a  smooth  ride. 

Two  schools  of  thought  exist  in  foe  development  of  smart 
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materials.  One  of  these  im-olves  the  integration  of  dissimilar 
components  performing  separate  functions  into  one  de\'ice. 
either  as  an  integrated  circuit  or  as  a  bulk  composite 
material.  In  this  t>pe  of  approach,  the  individual  materia) 
properties  are  well  defined;  the  challenge  lies  in  maintaining 
these  properties  during  the  co-processing,  and  packaging 
into  an  individual  unit. 

The  other  approach  is  to  discover  or  develop  materials 
that  can  intrinsically  perform  both  sensor  and  actuator  func¬ 
tions.  Piezoelectric  ceramics,  which  have  the  ability  U)  con¬ 
vert  mechanical  energy  into  electrical  energy  and  vice 
versa,  fit  into  this  category.  It  is  this  dual-function  capability 
that  allows  them  to  perform  both  sensor  and  actuator  fiinc- 
tions;  thus,  these  are  intrinsically  smart  materials.  Although 
many  materials  exhibit  piezoelectricity,  it  is  the  magnitude 
and  the  efficiency  of  the  electromechanical  coupling  in  these 
materials  that  ultimately  determines  their  suitability  as 
smart  materials. 

MATERIALS  FOR  ELECTROMECHANICAL 
COUPLING 

History  of  Piezoelectricity 

Kezoelectriciiy.  according  to  the  original  definition  of  die 
phenomenon  discovered  J.  and  P.  Curie  in  1880  (2],  is  the 
ability  of  certain  crystalline  materials  to  develop  an  electric 
charge  that  is  proportional  to  a  mechanical  stress.  Very  soon 
after  this  discovery,  it  was  realized  that  the  converse  effiect. 
that  of  a  geometric  strain  developing  upon  the  application  of 
a  voltage,  was  also  inherent  in  these  materials.  Thus,  in 
dealii^  piezoelectrics,  we  speak  tit  the  direct  piezo¬ 
electric  eflea  and  the  converse  piezoelectric  effect 

The  variety  of  crystals  that  ^ibit  piezoelectricity  have 
one  common  feature:  die  absence  of  a  center  of  symmetry 
within  die  crystal.  This  absence  of  symmetry  gives  rise  to 
polarity,  the  ‘bne-wayness*  of  the  charge  vector.  Piezoelec¬ 
tricity  is  dierefiere  limited  to  20  of  the  32  crystal  classes, 
known  as  pmm  groups,  for  all  crystalline  materials.  Most  of 
the  important  piezoelectric  matnials  are  also  fiuroelectric, 
which  results  in  a  uansformation  to  a  high  tynunetry,  non¬ 
piezoelectric  phase  at  higher  temperatures.  The  piezoelec¬ 
tric  effect  is  present  only  in  the  lower  temperature  phase, 
and  the  transformation  temperature  is  known  u  die  Curie 
temperature. 

For  some  time  after  the  discovery  of  piezoelectricity,  the 
effect  was  thought  to  be  limited  to  sin^  'crystals,  because 
pcdycrystalline  materials  have  randomly  oriented  grains  that 
caii^  each  other,  resulting  in  a  zero  net  effect.  Indie  1940s, 
the  tUscovery  of  high  dielectric  constant  ceramics  with  the 
perovskhe  strucmre  was  soon  followed  by  the  development 
of  the  poling  process,  in  whidi  the  randomly  orient^  do¬ 
main  pattern  is  given  a  high  degree  of  orienution  by  the  ap- 
{dkation  of  a  strong  electric  fi^  at  elevated  tetiqieratutes. 
The  resuldng  polycrystalline  material  has  a  high  net 
piezoelectric  effi^  and  thus  today  we  speak  of  piezoelectric 
ceramics  more  ftequendy  than  piezoelectric  crystals. 

Coupling  CoelBcieots 

The  direct  piezoelectric  effect,  as  previously  stated,  is  the 
developmeot  of  an  electric  charge  upon  the  application  of  a 


mechanical  stress.  The  electric  polarization.  P.  is  the 
charge  per  unit  area,  and  is  related  to  the  stress.  0,  by  the 
piezoelectric  coupling  coefficient,  d: 

P  -  da  (I) 

For  the  converse  effect,  the  strain  (5)  produced  by  an  ap¬ 
plied  electric  field  (£)  is  given  b> : 

S  =  dE  (2) 

In  both  cases,  the  coefficient  d  is  numerically  identical. 
.Another  important  consunt,  the  voluge  coefficient  (g). 
describes  the  electric  field  produced  by  a  stress,  and  is 
related  to  d  through  the  permittivity  (<): 

g  =  dif  (3) 

A  high  d  constant  is  desirable  for  actuator  materials  that  are 
intended  to  develop  motion  or  vibtatkm.  such  as  high  power 
sonar,  while  a  high  g  constant  is  desirable  for  sensor 
materials  in  which  high  voltages  are  to  be  generated  from 
weak  mechanical  stresses,  such  as  in  a  phonograph  needle. 

Another  significant  coefficient  is  the  electromechanical 
coupling  fector,  k,  which  measures  the  efficiency  of  the  elec¬ 
tromechanical  conversion.  It  is  defined  in  terms  of  k*.  the 
fraction  of  electrical  energy  convened  to  mechanical  en- 
eigy,  or  vice  versa.  Since  this  conversioa  can  never  be  com¬ 
plete.  k  and  k*  are  ala^  <  1. 

Because  piezoelectric  crystals  are  necessarily  a^mmet- 
ric,  the  coupling  coefficients  are  given  in  tensor  form.  The 
fiist  subscript  of  the  tensor  gives,  by  convention,  the  direc¬ 
tion  of  the  electric  field  or  polarization,  while  the  second 
gives  the  component  of  medianical  stress  or  deformation. 
Due  to  the  sometiines  competiiig  piezoelectric  eflea  in 
various  directions  widiin  the  cry^,  we  must  identify  die 
in^rtant  coupling  coefficient  tensors  for  smart  materials. 
For  a  number  of  applications,  it  is  possible  to  selea  the  ap¬ 
propriate  candidate  material  by  conqwriiig  the  magnitude  of 
the  coupling  coefficic^ 

Piezoelectrfc  Materiab 

'Able  1  lists  die  intrinsic  piezoelectric  properties  of  some 
coirunon  piezoelectric  materials.  The  first  three  rqiresent 
three  con^etely  diffnent  classes  of  materials:  siqgle  crys¬ 
tals,  polymers,  and  poled  ceramics.  A  fourth  class,  coo^ios- 
iie  piezoelectrics,  viH  be  discussed  in  die  next  section. 

Quam,  the  low  temperature  form  of  single  crystal  SiOa, 
is  the  classic  example  of  the  piezoelectric  single  crystal. 
Figure  1(a)  shows  the  transformation  of  quartt  fim  its  high 
temperature  and  high  symmetry  0  form  10  the  low  tempera¬ 
ture,  lower  symmetry  a  fi>rm  at  573*C  Quartz  crystals  are 
grown  from  hydrothermal  solutions,  and  diese  crystals  can 
be  cut  in  precise  orientation  for  use  as  time  and  frequency 
standards. 

PVDF.  or  polyvinylidine  fluoride,  is  a  piezoelectric 
polymeric  material.  The  polarization  arises  ftcm  the  a^tn- 
metric  P  and  H*  side  groups,  which  create  electric  dipoles 
perpendicular  to  the  cvbon  badcbone  [Figure  1(b)].  f^ile 
the  d  coefficients  are  quite  low  for  PVDF,  the  low  dielectric 
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Ttbfw  1.  Room  temperature  piezoelectric  properties  of  selected  materials. 


Material 

CC) 

d.. 

(x10*C/N) 

0>i 

(xIO  *  C/N) 

(x10  ‘  C/N) 

Quartz  (SiOi) 

573 

-2.3* 

-57  5* 

4 

0 

PVDF 

41 

30 

200 

15 

9 

PZT  S2/48 

386 

223 

39  5 

1500 

200 

PLZT  8/65/35 

65 

682 

20 

3400 

.. 

BaTiO, 

125 

191 

11.4 

2000 

88 

PbNb.O. 

560 

85 

42 

250 

20 
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constant  results  in  large  g  coefficients  relative  to  other 
piezoelectrics. 

PZT,  or  Pb(Zr,Ti)0,,  is  the  prototypical  piezoelectric 
ceramic,  and  represents  the  largest  portion  of  the  commer¬ 
cial  market  for  electromechanical  transducers  due  to  its  high 
coupling  coefficients  and  its  versatility  with  regard  to  chem¬ 
ical  substitutions.  The  S2/48  designation  is  for  the  composi¬ 
tion  PbZr«  SI  Tio.4s03,  which  lies  at  the  morphotropic  phase 
boundary  on  the  ^ZrOs-PbTiOj  phase  diagram.  Compo¬ 
sitions  near  this  boundary  exhibit  the  greatest  elec¬ 
tromechanical  coupling  coefficients  due  to  the  fact  that  they 
are  on  the  verge  of  insubility.  Many  tailor-made  piezoelec¬ 
tric  properties  can  result  from  small  compositional 
modifications  on  the  basic  PZT-based  ceramics.  For  exam¬ 
ple,  lanthanum-doped  PZT,  knowm  as  PLZT,  is  an  extraor¬ 
dinary  electroopiic  material. 

Composite  Strategies 

Too  often  in  the  field  of  materials  research,  we  put  too 
much  emphasis  on  the  synthesis  of  new  nuteriais  and  too 
little  emphasis  on  new  and  unique  designs  for  old  materials. 
Because  all  piezoelectric  materials  have  some  inherent  limi¬ 
tations  for  ceiiain  applications,  it  becomes  necessary  to 
modify  these  materids  in  order  to  take  advantage  of  the 
beneficial  properties,  while  cancelling  or  limiting  the 
detrimental  properties.  An  effective  means  by  which  to  ac¬ 
complish  this  is  in  a  composite  material  with  controlled 
connectivity. 

Connectivity  in  a  composite  may  be  defined  as  the  way  in 
which  the  different  phases  are  arranged,  and  designated  by 
numbers  such  as  1-3,  3-2,  etc.  The  numbers  represent  the 
number  of  dimensions  in  which  each  phaM  is  self- 
connected.  Figure  2  shows  some  different  composite  con¬ 
nectivities.  each  with  specific  advantages  over  single-phase 
materials  for  certain  applications. 

One  example  of  the  advantage  of  the  composite  strategy  is 
the  use  of  PZT-based  composites  for  hydr(q)hone  materials. 
The  figure  of  merit  for  hydrophone  materials  is  the  product 
of  the  hydrostatic  piezoelectric  charge  coefficient  (</»)  and 
the  piezoelectric  volage  coefficient  (g*).  While  PZT  has 
high  dtt  and  du  piezoelectric  coupling  coefficients,  the  d* 
value  is  only  a^ut  45  pC/N  because  djj  and  dji  are  oppo¬ 
site  in  sign,  and  </»  s  du  -f  2dji.  d^g*  is  also  inversely 
related  to  the  dielectric  perminivity.  <.  so  that  low  dielectric 
constants  are  desirable  as  well. 

A  composite  design  with  1-3  connectivity  [Figure  2(a)] 
consists  ^  thin  PZT  rods  embedded  in  a  polymer  matrix. 


The  1-3  piezocomposites  have  excellent  sensitivity  to 
pressure  uaves  in  water.  The  large  djj  is  maintained  because 
the  parallel  connection  results  in  stress  transfer  from  pol>- 
mer  to  piezoceramic,  while  the  d„  is  destroved  because  of 
series  connection  in  the  lateral  dimension  w  here  the  me¬ 
chanical  load  is  absorbed  the  polymer  and  not  transferred 
to  the  PZT  rods.  Finally.  <  is  minimized  due  to  the  large 
volume  fraction  of  polv  mer  present  in  the  composite  (3-4J. 

Another  piezoelectric  hvdrophone  [Figure  2(d)J  compos¬ 
ite  maximizes  d„  b>’  simply  re-directing  the  appli^  stresses 
using  specially  shaped  electrodes.  These  are  flextensional 
transducers  with  shallow  air  spaces  positioned  under  the 
metal  electrodes  and  a  PZT  ceramic  disc.  Wlien  subjected 
to  a  hydrosutic  stress  because  of  waves,  the  thick  metallic 
electr^es  convert  a  portion  of  the  c-direction  stress  into 
large  radial  and  tangential  stresses  of  opposite  signs.  The 
result  is  that  dn  changes  from  negative  to  positive,  so  that 
its  contribution  now  adds  to  dn  rather  than  subtracting  from 
it.  The  dtgk  of  these  composites  is  approximately  250  times 
that  of  pure  PZT  [5]. 

EXA.MPLES  OF  SMART  MATERIALS 
USING  PIEZOELECTRICS 

Two  examples  of  smart  piezoelectric  materials  are  shown: 
in  Figure  3(a)  the  "soft’'  ceramic,  and  in  Figure  3(b)  the 
tunable  transducer. 

Controlled  Compliance  and  Soft  Ceramics 

For  the  first  of  these  examples,  a  PZT  sensor/actuator 
combination  is  used  to  produce  ‘‘soft’'  ceramics,  in  which  the 
sensor  feels  a  stress  and  an  actuator  retracts  the  ceramic, 
giving  the  ceramic  a  rubber-like  feel.  In  the  controlled  com¬ 
pliance  test  setup,  one  actuator  is  used  as  the  external  driver, 
and  the  other  is  used  as  the  responder  [6].  Sandwiched  be¬ 
tween  the  two  actuator  sucks  are  two  sensors  and  a  layer  of 
rubber.  The  upper  actuator  is  driven  at  a  frequency  ^  K)0 
Hz  and  the  vibrations  are  monitored  with  the  upper  sensor. 
The  pressure  wave  emanating  from  the  driver  passes 
through  the  upper  sensor  and  the  rubber  separator  and  im¬ 
pinges  on  the  lower  sensor.  The  resulting  signal  is  amplified 
using  a  low  noise  amplifier  and  fed  back  through  a  phase 
shifter  to  the  lower  actuator  to  control  the  compliance. 

A  smart  sensor-actuator  ^tem  can  mimic  a  very  stiff 
solid  or  a  very  compliant  rubber.  This  can  be  done  while  re¬ 
taining  great  strength  under  sutic  loading,  making  the  smart 
material  especially  anractive  for  vibration  control. 
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If  the  phase  of  the  feedback  soiuge  is  adjusted  to  cause 
the  responder  to  contract  in  length  rather  than  expand,  the 
smart  material  mimics  a  very  soft,  compliant  substance. 
This  reduces  the  force  on  the  sensors  and  partially 
eliminates  the  reflected  signal.  The  reduction  in  output  sig¬ 
nal  of  the  upper  sensor  is  a  measure  of  the  effectiveness  of 
the  feedback  systetn. 

\ery  Smart  Materials -The  Tunable  Transducer 

By  building  in  a  learning  function,  the  definition  of  a 
smart  material  can  be  extended  to  a  higher  level  of  intelli¬ 
gence:  a  very  smart  material  senses  a  change  in  the  environ¬ 
ment  and  responds  by  altering  one  or  more  of  its  property- 
coefficients.  Such  a  material  can  nine  its  sensor  and  actuator 
functions  in  time  and  space  to  optimize  future  behavior. 
With  the  help  of  a  feedback  system,  a  very  smart  material 
becomes  smarter  \sith  age,  something  even  human  beings 
strive  for.  The  distinction  between  smart  and  very  smart 
materials  is  essentially  one  between  linear  and  nonlinear 
properties.  The  physical  properties  of  nonlinear  materials 
can  be  adjusted  bias  fields  or  forces  to  control  response. 

The  second  example  illustrates  the  concept  of  a  very 
sritatt  material,  the  tunable  transducer  develop^  recently  in 
our  laboratory.  Applications  for  transducers  include  fish 
finders,  gas  igniters,  ink  jets,  micropositions,  biomedical 
scanners,  piezoelectric  transformers  and  filters,  acceler¬ 
ometers,  and  motors. 

The  resonant  frequency  of  a  tunable  transducer  can  be  ad¬ 
justed  over  a  wide  range,  giving  it  characteristics  analogous 
to  FM  radio.  Information  is  transmitted  on  electromagnetic 
waves  in  two  ways:  amplitude  modulation  (AM)  and  fre¬ 
quency  modulation  (FM).  There  are  a  number  of  advantages 
to  FM  signal  processing,  especially  where  lower  noise 
levels  are  important.  Atmospheric  sutic  is  considerably 
lower  in  FM  radio  than  in  AM. 

Signal-to-noise  ratios  are  also  important  in  the  ultrasonic 
systems  used  in  biomedical  and  nondestructive  testing 
^tems,  but  FM-modulation  is  difficult  because  resonant 
frequencies  are  controlled  by  stiffness  (c)  and  (transducer) 
dimensions  (r).  Neither  c.  r,  nor  the  density  (q)  can  be 
tuned  significantly  in  ceramics  and  most  other  materials, 
but  rubber  is  an  excepdon.  To  tune  the  resonant  frequency 
of  a  piezoelectric  transducer,  we  designed  and  built  a  com¬ 
posite  transducer  incorporating  thin  rubber  layers  exhibiting 
nonlinear  elasticity. 

Rubber  is  a  highly  nonlinear  elastic  medium.  In  the 
unstressed  compliant  sute.  the  molecules  are  coiled  and 
ungled,  but  under  suess,  the  molecules  align  and  the 
material  stiffens  noticeably.  Experiments  carried  out  on 
rubber-metal  laminates  demonstrate  the  size  of  the 
nonlinearity.  Young's  modulus  (E  s  l/Suu)  was  measured 
for  a  multilayer  laminate  consisting  of  alternating  steel  shim 
and  soft  rubber  layers,  each  0.1  mm  thick.  Under  com¬ 
pressive  stresses  of  200  MPa,  the  stiffness  is  quadrupled 
from  about  600  to  2400  MPa.  The  resonant  frequency  is 
therefore  doubled,  and  can  be  modulated  by  appli^  stress. 

Rubber,  like  most  elastomers,  is  not  piezoelectric.  To  take 
advantage  of  the  elastic  nonlinearity,  it  is  therefore  neces¬ 
sary  to  construct  a  composite  transducer  consisting  of  a 
piezoelectric  ceramic  (PZT)  transducer,  thin  rubber  layers. 


and  metal  head  and  tail  masses,  all  held  together  by  a  stress 
bolt  (Figure  3(b)). 

The  resonant  frequency  and  mechanical  Q  (importani  for 
vibration  damping  applications)  of  such  a  sandw  ich  struc¬ 
ture  was  measured  as  a  function  of  stress  bias  ranging  from 
20  to  l(X)  MPa  in  the  experiments.  Under  these  conditions, 
the  radial  resonant  frequency  changed  from  19  to  37  kHz. 
approximately  doubling  in  frequency  as  predicted  from  the 
elastic  nonlinearity.  At  the  same  time,  the  mechanical  Q  in¬ 
creases  from  about  II  to  34  as  the  rubber  stiffens  under 
stress  (7). 

Ihe  changes  in  resonance  and  Q  can  be  modeled  w-iih  an 
equivalent  circuit  in  which  the  compliance  of  the  thin,  rub¬ 
ber  layers  are  represented  as  capacitors  coupling  together 
the  larger  masses  (represented  as  inductors)  of  the  PZT 
transducer  and  the  meui  head  and  tail  masses.  Under  low 
suess  bias,  the  rubber  is  very  compliant  and  effectively  iso¬ 
lates  the  PZT  transducer  from  the  head  and  tail  masses.  At 
very  high  stress,  the  rubber  stiffens  and  tightly  couples  the 
metal  end  pieces  to  the  resonating  PZT  ceramic.  For  in¬ 
termediate  stresses,  the  rubber  acts  as  an  impedance  trans¬ 
former.  giving  parallel  resonance  of  the  PZT-rubber-metal- 
radiation  load. 


FUTURE  DIRECH'IONS  FOR  SMART  hUTERlALS 

The  future  for  smart  materials  and  systems  appears  to  be 
quite  bright,  particularly  as  we  enter  a  “new  world  order”  in 
which  the  military  will  have  to  rely  more  upon  efficient  de¬ 
tection  and  prevention  of  insubility  rather  than  brute  force 
and  saturation  bombings.  None  of  us  can  soon  forget  the 
video  images  from  Operation  Desert  Storm,  in  which  one 
"smart*  airborne  missile  enters  the  front  door  of  an  Iraqi 
military  struenire  and  desuoys  it.  Likewise,  the  accuracy 
and  success  of  the  Patriot  missile  in  contrast  to  the  multitude 
of  inefficient  anti-aircraft  missiles  launched  over  Baghdad 
proved  that  in  war,  "smarter”  is  better  than  "bigger”.  (Of 
course,  the  peaceful  use  of  smart  technology  is  much  pre¬ 
ferred.) 

Because  the  definition  of  smart  materials  is  so  broad,  it  is 
difficult  to  predict  which  area  of  materials  research  will  lead 
the  way.  Electromechanical  transducers  have  the  advantage 
of  performing  as  both  sensors  and  actuators,  so  it  is  at  least 
safe  to  say  that  they  will  continue  to  be  important  elements 
of  smart  ^tems. 

Overall,  there  are  some  technologies  applicable  to  all 
types  of  materials  which  will  be  critical  to  dte  performance 
of  smart  materials  and  systems.  Integration  and  miniaturiza¬ 
tion  of  electroceramic  sensors  and  actuators  is  an  ongoing 
process  in  the  automotive  and  consumer  electronics  areas. 
Multilayer  packages'  conuining  signal  processing  layers 
made  up  of  low-permittivity  dielectrics  and  printed  metal  in¬ 
terconnections  are  in  widespread  production.  Further  inte¬ 
gration  with  embedded  resistors  and  capacitors  are  under 
development,  and  it  seems  likely  that  intelligent  systems 
will  make  use  of  the  same  processing  technology.  Tape  cast¬ 
ing  and  screen  printing  are  used  most  often.  Varistors, 
chemical  sensors,  thermistors,  and  piezoelectric  transducers 
can  all  be  fabricated  in  this  way,  opening  up  the  possibility 
of  multicomponent,  multifunction  ceramics  with  both  sen- 
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sor  and  actuator  capabilities.  Silicon  chips  can  be  mounted 
on  these  multifunctional  packages  to  provide  all  or  part  of 
the  control  network.  Processing  is  a  major  challenge 
because  of  the  high  firing  temperatures  of  most  ceramics, 
typically  in  the  range  800*C  to  1500*C.  Differences  in  den- 
sification  shrinkage  and  thermal  contraction,  together  with 
adverse  chemical  reactions  between  the  electroceramic 
phases,  create  formidable  problems.  Nevertheless,  the 
rewards  for  such  an  achievement  are  substantial.  An  all- 
ceramic  multifunction  package  would  be  small,  robust,  in¬ 
expensive,  and  sufficiently  refractory  to  withstand  elevated 
temperatures. 

Electrodes  are  both  a  problem  and  a  challenge.  At  pres¬ 
ent,  precious  metals  such  as  palladium  and  platinum  are 
used  in  multilayer  ceramic  components,  greatly  adding  to 
the  cost  of  the  device.  Copper  and  nickel  electrodes  require 
that  the  ceramic  be  fired  in  a  reducing  atmosphere,  which 
may  reduce  the  electroceramic  layers  and  adversely  affect 
the  electrical  properties.  Copper  and  silver  have  high  elec¬ 
trical  conductivity,  but  the  melting  points  ( -  K)00*C)  re¬ 
quire  lower  firing  temperatures  and  make  it  necessary  to 
dter  the  ceramic  compositions  and  fiibrication  procedures. 
Some  headway  has  been  made  on  this  problem,  but  further 
work  is  needed.  One  interesting  if^roach  to  the  problem  is 
ceramic  electrodes.  There  are  a  number  of  cerarr'c  phases 
with  excellent  conductivity  whidi  could  be  used,  including 
the  oopper-oxide  superconductors.  In  actuator  devices, 
there  are  some  special  advantages  in  having  electrodes  and 
pKzoceramics  with  matched  elastic  properties. 

Composites  are  another  approach  to  making  sensor- 
actuator  combioatioos.  These  can  be  formed  at  lower  tem¬ 
peratures  using  low-firing  ceramics  and  high  temperature 
polymen,  such  as  poiyimides.  Sol-gel  and  chemical  precip¬ 
itation  methods  are  helpful  in  preparing  ceramic  powden 
with  low  calcining  temperanires,  but  furdwr  work  on  com¬ 
posite  fiforkation  is  required  to  obttin  reliable  and  r^ro- 
ducible  electtical  behavior. 

lb  miniaturue  the  season  and  actuaton.  and  to  obtain 
complex  shapes,  we  recommend  the  use  of  photolithog- 
raphy  and  other  processing  ntethods  employed  in  the 
semiconductor  industry.  Ultraviolet  curable  polymen 


incorporated  into  the  upe-casting  process  nuke  photolitho¬ 
graphic  processing  comparatively  easy  and  should  find  w  ide 
use  in  preparing  ceramic  or  composite  packages  for  intelli¬ 
gent  systems. 

The  next  logical  step  is  to  combine  the  sensor  and  actua¬ 
tor  functions  with  the  control  system.  This  can  be  done  by- 
depositing  electroceramic  coatings  on  integrated  circuit  sili¬ 
con  chips,  currently  a  very  active  area  for  materials  re¬ 
search. 

Reliability  is  a  major  requirement  in  all  complex  systents. 
Further  research  on  electrical  and  mechanical  breakdown  of 
sensor-actuator  materials  is  needed  to  elucidate  the 
mechanisms  responsible  for  foilure. 

Electroceramics  have  a  vital  role  to  play  in  intelligent 
sy’stems,  and  many  new  developments  will  uke  place  in  the 
coming  decade  and  the  next  century. 
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Abstract  A  piezoelectric  ceiamic-metal  composite  actuator  has  been  developed  to 
amplify  the  displacement  of  the  piezoelectric  ceramic.  In  this  structure,  the  PZT 
ceramic  is  sandwiched  between  end  caps  with  shallow  cavities.  This  paper 
describes  tlw  design  optimization  the  flextensional  transducer  using  finite 
element  analysis  (FEA).  By  using  FEA,  shape,  material,  and  geometrical 
contri^doas  to  the  displacement  of  the  actuator  were  calculated  The  a  feet  of  load 
on  the  displacement  was  alsoestimated  It  was  found  that  the  displacement  of  the 
actuator  increases  with  cavity  diameter  and  depth,  and  that  introducing  a  ring- 
shaped  groove  on  the  metal  end  caps  of  the  actuator  greatly  enhances  the 
dis^acemenL 


INTRODUCTION 

A  piezoelectric  ceiamic-metal  composite  actuator  has  been  developed  to  amplify  the 
displacement  of  a  piezoelectric  ceramic  The  cross  section  of  the  moonie  actuator  is 
illustrated  in  the  previous  paper  by  Dogan  et  al.  In  this  structure,  the  PZT  ceramic  is 
sandwiched  between  end  caps  with  shallow  cavities.  Typical  dimensions  of  these 
actuators  are  11  mm  in  diameter  and  2  mm  in  total  thickness.  The  depth  of  the  cavity  is 
about  0.1  to  0.2  mm.  The  PZT  and  metal  end  caps  are  bonded  together  tightly  using 
epoxy.  By  ^>plying  an  electric  field  to  the  moonie  actuator,  die  radial  motion  of  PZT 
ceramic  can  be'oonverted  into  flextensiottal  motion  creating  a  large  di^dacemmiL 

This  paper  describes  the  design  optimization  of  the  flextensional  transducer  using 
finite  element  analysis  (FEA).  The  principal  facton  controlling  the  performance  of  the 
actuator  were  found  to  be  the  design  of  metal  end  caps  and  the  bonding.  Using  FEA,  the 
material  and  geometrical  contributions  to  the  displacement  and  generative  force  of  the 
actuator  were  calculated  Load  effects  on  the  displacement  were  also  estimated.  Based 
on  the  modeling,  changes  in  cap  thickness  and  cavity  size  produced  large  effects  on  the 
displacement  It  was  also  found  that  the  displacement  of  the  actuator  increases  with 
cavity  diameter  and  depth,  and  that  introducing  a  ring-shaped  groove  on  the  metal  end 


caps  of  the  actuator  greatly  enhances  the  displacement.  Finally,  the  displacement  and 
generative  force  obiaimd  experimentally  were  fitted  to  those  calculated  by  FEA. 
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FEA  Modeling 

Two  commercially  available  FEA  programs  (ANSYS  and  SAP90)  were  used  for 
this  study.  For  frequency  response  analysis,  the  relationship  between  admittance  and 
frequency  was  calculated  using  3-D  axisymmetric  piezoelectric  elements  in  ANSYS.  In 
the  displacement  analysis,  the  relationship  between  displacement  and  applied  electric 
field  was  calculated  using  2-D  axisymmetric  elements  in  SAP90.  Each  model  was 
divided  into  three  parts:  the  end  cap.  the  PZT  ceramic,  and  the  bonding  layer.  M^rial 
parameters  used  in  this  analysis  were  Young's  modulus,  density,  Poissons'  ratio, 
piezoelectric  constants,  and  dielectric  constants. 

CALCULATED  AND  EXPERIMENTAL  RESULTS 
f  n  Freouencv  response  of  a  moonifeactuatof 

From  the  frequency  response  analysis,  the  lowest  three  resonant  frequencies  were 
calculated.  Figure  1  shows  admittance  spectrum  of  the  moonie  plotted  as  a  function  of 
the  frequency  from  10  to  300  kHz.  Three  resonance  peaks  appear  at  SO.  187,  and  210 
kHz.  corresponding  the  lowest  three  flextenstonal  vibration  modes.  The  first 
Hextensional  mode  can  be  effectively  utilized  up  to  nearly  SO  kHz.  Based  on  these 
results,  the  coupling  coefficient  of  the  fust  mode  was  calculated  as  20%. 


FIGURE  1  Calculated  admittance  curve  of  the  11  nun  moonie  actuator 


Figure  2  compares  the  first  resonant  frequencies  calculated  by  FEA  with  those 
obtained  experimentally,  for  a  range  of  brass  cap  thicknesses.  Excellent  agreement  was 
obtained.  The  first  resonant  frequency  is  approximately  proportional  to  iht  square  root 
of  the  brass  cap  thickness. 


RGURE  2  Calculated  and  measured  first  resonant  frequencies  of  the  moonie  actuator 
(2)  Geometrical  control  of  displacement  for  a  moonie  actuator 
Figure  3  shows  calculated  displacement  contour  of  the  upper  cap  of  a  moonie  actuator 
under  an  applied  electric  Held  of  1  kV/mm.  The  maximum  displacement  of  4.S  pm 
appears  at  the  center  of  the  moonie  cap  and  gradually  decreases  toward  the  edge.  The 
displacement  profile  of  the  moonie  actuator  ootresponds  to  the  effective  dss  profile 
measured. 


FIGURES  Calculated  displacement  contour  of  the  upper  cap  of  a  moonie  actuator 


Figures  4  show  the  effect  of  geometry  on  displacement  The  four  variables  are  cap 
thickness,  cavity  size,  cavity  depth,  and  bonding  thickness.  Displacement  decreases 
markedly  with  cap  thickness  and  is  inversely  proportional  to  the  brass  cap  thickness 
(Figure  5).  Cavity  diameter  and  cavity  depth  also  affect  the  displacement  By  increasing 
cavity  size  and  cavity  depth,  displacement  increases  almost  linearly.  On  the  other  hand, 
the  thickness  of  the  bonding  layer  has  very  little  effect  on  the  displacement  in  the  range 
from  S  to  100  pm.  In  practice,  the  moonie  has  about  10  to  20  pm  thick  bonding  layer. 
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FIGURE  4  Effect  of  cavity  diameter  (left)  and  bonding  layer  thickness  (right)  on  the 
di^aoeroent  of  the  moonie  actuator 


Figure  5  compares  the  displacement  calculated  by  FEA  with  those  obtained  by 
experiment,  and  plotted  as  a  function  of  the  brass  thickness.  This  actuator  is  made  of 
PZT*5.  brass  caps,  and  epoxy  bonding  with  20  pm  thickness.  There  is  very  good 
agreement  in  displacement  between  the  calculated  and  e;q)erimental  values. 
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FIGURES  Calculated  and  measured  displacements  the  moonie  senator 


moonie. 


In  order  to  enhance  the  displacement  of  the  moonie  actuator,  some  modiricabons  of 
the  cap  design  were  considered.  It  was  found  that  introduction  of  a  gfxx>ve  on  the  caps 
enhanced  the  displacement  markedly.  To  determine  the  effect  of  the  groove  on 
displacement,  the  locations  and  dimensions  of  the  groove  were  altered.  Rgute  6 
compares  the  effect  of  groove  position  on  the  displacement  (the  maximum  displacement 
is  shown  at  the  left  side  of  each  deformed  shape)  where  gp,  g^,  and  gw  are  the  groove 
position,  groove  depth,  ani  groove  width,  respectively. 

The  most  effective 

position  of  the  groove  is  *11111111111 

just  above  the  edge  of 
the  inner  cavity.  In  this  s»  *  4jui  :  ass  ■  tji  (m) 

case,  a  doubling  of 
displacement  (8.86  pm) 
was  observed.  Also  the 
depth  of  the  groove  is  mi 

important  in  enhancing 
the  displacement  The  i»  i  iss  at  <  aai  §>  >  ass  (m) 

deeper  the  groove,  the 
higher  the  displacement 
A  displacement  (12  pm) 
three  times  higher  than 
the  original  is  observed 
on  the  deepest  grooved 
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F1GURE6  Groove  positioaal  effect  on  the 

di^taconent  of  the  moonie  actuator 


Cap  maiftial  partially  controls  die  dlq)laoeinent  of  a  moonie  actuator.  Four  tfilferent 
cap  materials  stainless  steel,  brass,  Inonze,  and  plastic  were  selected  for  modeling.  It 
was  found  that  the  higher  the  elastic  stiffness,  the  lower  the  displacement  A  plastic 
capped  moonie  actuator  produces  about  30  pm  at  a  cap  thickness  of  03  mm. 


Normally  the  displacement  decreases  when  a  load  is  applied  to  the  actuator.  A  moonie 
actuator  also  decreases  under  load,  but  shows  rather  peculiar  behavior.  Figure  7 
compares  the  displacement  proTiles  of  the  exterior  surface  of  the  moonie  when  four 


different  loads  are  applied  over  an  area  of  3  mni2  under  an  applied  E-ficld  of  1  kV/mm. 
By  increasing  the  load,  the  center  displacement  is  suppressed  gradually,  and  the  center 
is  no  longer  the  maximum  displacement  point  The  calculated  load  carrying  capability  of 
the  moonic  is  300  gf.  for  the  effective  working  area  of  3  mm^  which  corresponds  to 
stress  level  of  10  kg/cm^. 
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HGliRE  7  Calculated  disfrfaoement  profile  on  the  exterior  surface  of  the  moonie 
actuator  under  the  application  of  four  diflferent  load 

SUMMARY 

1.  Based  on  the  frequency  response  analysis  on  die  moonie  actuator; 

(1)  calculated  resonant  frequencies  agreed  well  with  the  experimental  results. 

(2)  a  coupling  coeflident  of  the  first  mode  was  calculated  as  0.2. 

2.  Based  on  the  displaoement  analysis  of  the  moonie  actuator: 

(1)  Atnong  changeable  geometrical  parameters  of  the  moonie  actuator, 

(a)  la^cavi^  diameter  sod  hitler  cavi^  hei^t  lead  to  higher  displacement 

(b)  thinner  cap  lead  to  hitler  di^acemenL 

(c)  thiclaiess  of  the  qioxy  bondiiig  layer  had  little  dfect  on  the  displaoement 

(d)  Introduction  of  a  groove  on  the  ctq»  above  the  bond  edge  enhanced  the 
disfdacemenL 

(2)  The  higher  the  stiffness  of  the  cap  material,  the  lower  the  displacement  of  the 
moonie. 

(3)  The  calculated  maximum  load  (300  gf.)  at  the  effective  working  area  of  3  mm^ 
agreed  with  that  obtained  by  extrapdation  of  the  experimental  curve. 
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Abstract  Dielectric  properties  of  relaxor  ferroelectrics  are 
characterized  by  giant  and  temperature-insensitive  dielectric 
constants  and  large  frequency  dependence  (dielectric  relaxation),  and 
therefore  useful  for  high  permittivity  capacitors.  Relaxor 
ferroelectrics  also  reveal  superior  characteristics  in  electrostriction 
and  electrooptic  effects  applicable  to  micropositioners,  motors,  light 
valves  and  displays.  These  properties  are  consistently  explainable  by 
the  dynamic  response  of  very  small  spindle-like  domains  in  the 
materials. 


imoDucnoN 

After  Smolensky  discovered  that  the  ferroelectric  phase  transition  of 
Ba(Ti,Sn)3  becomes  diffused  drastically  with  increasing  the  BaSnOa 
content,!)  phenomena  of  the  diffuse  phase  transition  have  been 
investigated  intensively.  At  a  temperature  several  tens”C  above  the 
permittivity  peak,  where  the  phase  is  supposed  to  be  paraelectric 
and  non-piezoelectric,  the  solid  solution  specimen  was  found  to 
exhibit  piezoelectric  resonance.^) 

Other  than  these  solid  solution  systems,  very  similar  diffused 
phase  transition  can  be  observed  in  complex  perovskite  oxides  such 
as  Pb(Mgi/3Nb2/3)03  and  Pb(Zni/3Nb2/3)03,  where  two  kinds  of  ions 
share  B  sites  randomly. 3)  Figure  1  shows  the  temperature 
dependence  of  the  spontaneous  polarization  in  Pb(Zni/3Nb2/3)03.^) 
It  is  remarkable  that  the  spontaneous  polarization  remains  further 
above  the  permittivity-peak  temperature  (140  ®C).  Temperature 
dependence  of  the  permittivity  of  Pb(Mgi/3Nb2/3)03  plotted  in  Fig.  2 


2 


also  obeys  a  special  quadratic  law,5>6)  1/eoc  (T  -  Tq)^,  instead  of  thej 
normal  ferroelectric  Curie-Weiss  law,  l/eoc(T  -  To),  in  the  Curie! 
temperature  range.  Dielectric  properties  are  characterized  by  giant 
and  temperature-insensitive  dielectric  constants  and  large  frequency 
dependence  (i.  e.  dielectric  relaxation):  this  is  the  reason  why  these 
materials  are  called  "relaxor  ferroelectrics"  and  are  useful  for 
capacitor  applications.  Similar  trailing  phenomena  are  observed  in 
electrostriction  and  electrooptic  effects.^) 

Another  interesting  property  of  relaxor  ferroelectrics  is  the 
very  small  thermal  expansion  effect  throughout  the  Curie  range. 
Figure  3  shows  the  thermal  strain  of  0.9Pb(Mgi/3Nb2/3)03-0.1PbTi03 1 
plotted  as  a  function  of  temperature.'^)  In  the  temperature  range  -1 
100  to  +100 ^C,  the  thermal  expansion  coefficient  is  less  than  1  x  10*^  j 
comparable  to  the  best  low-expansion  ceramics  or  fused  silica,  | 
which  is  extremely  advantageous  when  this  material  is  used  as  I 
electrostrictive  actuators.  j 

In  this  paper,  the  crystallographic  and  domain  structures  of 
relaxor  ferroelectrics  are  briefly  summarized  first,  then  superior 
characteristics  in  electrostriction  and  electrooptic  effects  are 
described  with  several  practical  device  applications. 

•  • 

CRYSTALLOGRAPHIC  &  DOMAIN  STRUCTURES.  DF_  RELAXOR ! 

FERROELfiCreiCS  j 

Crystallographic  Structures 

Relaxor  ferroelectrics  contain  three  categories  of  crystal  structure;  1) 
solid  solutions  with  a  non-polar  component  (BaTi03-BaSn03),  2) 
atomic  deficiencies  by  a  dopant  (Pbi.x^'*’Lax^‘*’(Zr,Ti)i.x/4Vx/403),  and 
3)  complex  perovskites  with  a  combination  of  different  valence  ions 
(A2+(Bi/23+B  i/25+)03,  A2+(B|/32+  B 2/3^'‘’)03).  All  of  them  are; 
associated  with  the  disordered  arrangement  of  constituent  cations. 

The  ordering  of  the  ionic  arrangement  gives  a  significant  effect* 
to  ferroelectricity.  Simple  perovskites  exhibit  either  ferroelectricity 
(BaTi03,  PbTi03)  or  antiferroelectricity  (PbZr03,  PbHf03).  On  the 
other  hand,  the  1:1  ordered  (NaCl-type)  complex  perovskites  tend  to 
be  antiferroelectric  (Pb(Mgi/2W  1/2)03,  Pb(Coi/2W  1/2)03),  and 
disordered  perovskites  tend  to  be  ferroelectric  (Pb(Mgi/3Nb2/3)03, 
Pb(Fci/2Tai/2)03).  In  addition,  the  phase  transition  of  the  disordered 
perovskite  is  rather  diffused  and  the  crystal  structure  in  the  low 
temperature  phase  is  to  be  rhombohedral. 


The  close  relation  between  dielectric  and  crystallographic  i 
properties  is  suggestively  exemplified  in  the  work  on; 
Pb(Sci/2Ta  1/2)03.8)  The  degree  of  cation  ordering  (Sc3+,  Ta5+)  is 
easily  changeable  only  by  thermal  anneal  without  changing  any 
composition.  The  disordered  sample  exhibits  a  "diffuse"  transition 
from  a  ferroelectric  to  a  paraelectric  phase.  With  increasing  the 
ordering,  the  phase  transition  becomes  "sharp"  and  occurs  at  a  higher 
temperature.  Moreover,  the  polarization  •  electric  field  (P  -  E)  curve 
at  a  temperature  just  below  the  transition  shows  a  double  hysteresis, 
indicating  an  antiferro-  to  ferroelectric  field-induced  transition. 

Domains  in  Relaxor  Ferroelectrics 

Let  us  review  the  recent  studies  on  the  dynamic  domain  observation 
in  relaxor  ferroelectrics.^*!®)  Figure  4  shows  some  examples  of  the 
ferroelectric  domains  observed  in  the  solid  solution  system  (1  -  x) 
Pb(Zni/3  Nb2/3)03  -  x  PbTiOs.  The  system  exhibits  a  drastic  change 
from  a  diffuse  phase  transition  to  a  sharp  transition  with  an  increase 
of  the  PbTi03  content  x,  correlating  to  the  existence  of  a  morphotropic 
phase  boundary  from  a  rhombohedral  to  a  tetragonal  phase  around  x 
s  0.1.  Very  small  spindle^ike  domains  (^5  pm)  with  ambiguous 
boundaries  in  x  s  0  become  larger  and  clearer  with  increasing  x.  It  is 
noteworthy  that  the  specimen  of  x  »  0.095  reveals  a  two-stage 
domain  structure,  i.  e.  spindle-like  domains  included  in  clear  straight 
boundaries;  this  is  probably  due  to  the  coexistence  of  the 
rhombohedral  and  tetragonal  phases  at  room  temperature. 

Dynamic  response  to  an  electric  field  gives  also  important 
information.  Figure  5  illustrates  the  domain  reversal  process  in  this 
system  schematically.  Sharp  90^  domain  walls  corresponding  to  the 
tetragonal  symmetry  in  the  sample  with  x  =  0.2  move  abruptly  and 
independently  each  other  above  a  coercive  field  of  1  kV/mm.  The 
situation  resembles  to  the  case  in  normal  ferroelectrics  such  as 
BaTiOa.  On  the  contrary,  pure  lead  zinc  niobate  (x  =  0)  reveals  very 
different  domain  configurations.  Long  narrow  spindle-like  domains 
(aspect  ratio  ‘v*  10)  are  arranged  perpendicularly  to  the  applied 
electric  field.  When  the  field  above  0.5  kV/mm  is  applied,  the 
ambiguous  curve  domain  walls  move  simultaneously  in  a  certain  size 
region,  so  that  each  micro-domain  should  change  synchronously  like 
cooperative  phenomena,  in  good  comparison  with  almost 
independent  movement  of  the  domain  walls  in  the  PbTiOs-rich 
samples.  The  domain  reversal  front  (180®  domain  wall)  moves 
rather  slower  than  in  the  sample  of  x  =  0.2;  this  is  probably  the 
reason  of  the  dielectric  relaxation.  It  is  noteworthy  that  the  stripe 
period  of  the  dark  and  bright  domains  (corresponding  to  up  and 


FIGURE  3  Thermal  expansion  in 

0.9Pb(Mgi/3Nb2/3)O3'0-iP'>TiO3. 


FIGURE  4  Ferroelectric  domains  in  the 
(1-  x)Pb(Zni/3  Nb2/3)03'X  PbTi03. 


(c)  x4). 
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FIGURE  5  Mechanism  of  the  domain  reversal  in  0.8Pb(Zni/3Nb2/3)O3' 
0.2  PbTi03  (left),  and  in  pure  Pb(Zni/3  Nb2/3)03. 


down  polarizations)  will  not  be  changed  by  the  domain  reversal,  and 
that  each  domain  area  changes  under  an  AC  external  field  with  zero 
net  polarization  at  zero  field.  This  can  explain  large  apparent! 
secondary  non-linear  effects  in  physical  properties  such  as! 
electrostrictive  and  electrooptic  phenomena,  without  exhibiting  any. 
hysteresis.  The  relaxor  crystal  is  electrically-poled  easily  when  an; 
electric  field  is  applied  around  the  transition  temperature,  and; 
depoled  completely  without  any  remanent  polarization. 


ELECTROSTOCnON  IN  RELAXOR  FERROELECmiCS 

Cencerning  electric  field  induced  strains,  Pb(Mgi/3Nb2/3)03  for 
example,  exhibits  a  large  electrostriction  (i.  e.  a  second-order  electro-: 
mechanical  property  where  strain  is  induced  in  proportion  to  the. 
square  of  the  applied  field)  at  room  temperature  in  the  small 
electric-field  range.  Figure  6  shows  the  strain  curve  of  the 
transversely  induced  electrostriction  in  0.9Pb(Mgi/3Nb2/3)O3* 
0.1PbTiO3.^»*  The  relaxor  ceramics  are  anhysteretic,  and  retrace 
the  same  curve  with  rising  and  falling  fields.  For  comparison,  the 
piezoelectric  strain  (i.  e.  strain  induced  in  proportion  to  the  applied 
field)  of  a  hard  PZT  8  under  cyclic  field  is  also  plotted  in  Fig.  6.  This 
material  has  often  been  used  in  the  fabrication  of  multi-dither 
mirrors  and  other  active  optical  components.  Note  that  the 
electrostriction  is  comparable  to  or  larger  than  the  magnitude  of  the 
typical  piezoelectric  strain  induced  in  Pb(&,Ti)03  based  ceramics  and 
far  more  reproducible  under  cyclic  drive  conditions. 


The  superiority  of  the  PMN  electrostrictor  to  the  PZT 
piezostrictor  was  demonstrated  in  a  deformable  mirror  and  a 
scanning  tunneling  microscope. 

Dcformablfi-Mirtot 

In  the  field  of  optical  information  processing,  deformable  mirrors 
have  been  proposed  to  control  the  phase  of  the  incident  light  .wave. 
The  deformable  mirror  can  be  made  convex  or  concave  on  the 
surface  as  necessary.  This  type  of  mirror,  which  is  applicable  to  an 
accessory  device  on  observatory  telescopes,  effectively  corrects  for 
image  distortions  resulting  from  fluctuating  airflow. 

An  example  of  a  deformable  mirror  is  the  two-dimensional 
multimorph  type  illustrated  in  Fig.  7. *2.13)  When  three  layers  of  thin 
electrostrictive  ceramic  plates  are  bonded  to  the  elastic  plate  of  a 
glass  mirror,  the  mirror  surface  is  deformed  in  various  ways 
corresponding  to  the  strain  induced  in  the  ceramic  layers.  The 
nature  of  the  deformation  is  determined  by  the  electrode! 
configurations  and  the  distribution  of  the  applied  electric  field.  Trial  • 
devices  have  been  designed  by  Hnite  element  methods  such  that  the! 
first  layer,  with  a  uniform  electrode  pattern,  produces  a  spherical; 
deformation  (i.  e.  refocusing),  while  the  second  layer,  with  a  6-: 
divided  electrode  pattern,  corrects  for  coma  aberration.  Figure  8 
shows  a  parabolic  deformation  of  the  mirror  measured  by  an’ 
interferometric  technique  on  a  cycle  with  rising  and  falling  electric 
field.  In  comparison  with  the  conventional  PZT  piezostrictor,  the 
PMN  mirror  is  much  superior  in  the  reproducibility  at  zero  field. 

Scanning  Tunnelina  Microscope 

The  scanning  tunneling  microscope  (STM)  is  a  key  instrument  for 
analyzing  surfaces  in  an  atomic  scale.  Figure  9  shows  an  STM , 
structure  designed  by  us.  A  sharp  tungsten  needle  probe  installed  on 
a  tripod  ceramic  actuator  is  set  very  close  to  a  sample  surface,  and  a 
constant  voltage  is  applied  between  the  probe  and  the  sample  so  that 
a  tunneling  current  be  detected.  By  scanning  the  x-  and  y-axis 
actuators,  the  current  change  is  monitored,  which  can  provide  the 
surface  contour  in  an  angstrom  scale. 

The  most  important  point  in  the  development  is  to  fabricate  an 
anhysteretic  reliable  actuator;  otherwise,  the  surface  images  obtained 
will  be  significantly  deformed  according  to  the  scanning  direction  of 
the  probe.  Remarkable  improvement  in  the  image  reproducibility 
has  been  obtained  by  using  an  electrostrictive  PMN-PT  actuator, 
replacing  a  conventional  PZT  device.*^) 


FIGURE  6  Transverse  field-induced  strain 
in  0.9Pb(Mgi/3Nb2/3)O3-0.1PbTiO3  (a), 
and  in  PZT8  (hard  piezoelectric)  (b). 
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FIGURE  7  Structure  of  a  multimorph 
deformable  mirror. 


FIGURE  8  Actual  control  of  the  deformable  mirrors  made  of 
the  PZT  piezostrictor  (a),  and  of  the  PMN  electrostrictor  (b). 


ELECrRCX)FnC  EFFECT  IN  RELAXOR  FERRORf  RTTRICS 


Relaxor  ferroelectrics  are  also  remarked  in  non-linear  optic 
applications  because  an  extraordinarily  large  apparent  "electrooptic 
Kerr  effect"  can  be  observed  even  in  the  so-called  paraelectric  state. 
Figure  10  shows  the  birefringence  versus  electric  field  relation  of 
Pb(Zni/3Nb2/3)03  in  the  paraelectric  phase.^)  The  parabolic  curve  in, 
the  low  field  region  tends  to  approach  a  straight  line  in  the  high  field 
region.  This  peculiar  phenomenon  is  analyzed  on  the  basis  of  the. 
model  that  the  crystal  is  composed  of  the  ferroelectric  and; 
paraelectric  phases  mixed  together.  Suppose  that  the  volume 
fraction  of  the  paraelectric  phase  x(T)  is  given  by  the  accumulated' 
Gaussian  distribution  with  respect  to  temperature,  the  birefringence 
An  is  estimated  by  the  summation  of  linear  and  quadratic  ^ecUo-_ 
optic  effects:  An  =  [1  -  x(T)]n3(r33  -  ri3)E/2  +  x(T)n5R44E2/2,  where 
n  is  the  refractive  index,  and  r  and  R  represent  electro-optic  Pockels 
and  Kerr  coefficients,  respectively.  This  suggests  again  the| 
importance  of  the  micro-domains  in  relaxor  ferroelectrics.  ; 

Famous  electrooptic  transparent  ceramics  PLZT,  i.  e.  (Pbi.xLax)J 
(ZryTiz)i.x/40  3,  are  examples  of  relaxors,  which  have  large; 
i  electrooptic  effect  (R  =  9.1  x  lO-l^  m^V'^)  and  are  applicable  to  light 
I  valves,  displays  etc.  However,  the  PLZT  with  a  deficient  crystal 
'structure  has  revealed  a  serious  problem  in  fracture  toughness  (Kic  « 
!o.9  MNm*3/2)  ©r  durability  under  repeating  operation.  We  have 
{developed  new  transparent  ceramics  of  (1  -  x)  Pb(Mgi/3Nb2/3)03-  x 
|pbTi03  with  high  fracture  toughness  (Kic  =1.7  MNm'3/2)  originally, 
'and  found  twice  larger  electrooptic  coefficients  (R  =  21x10-*®  m^V-2) 
,than  that  of  the  PLZT.  Figure  11  shows  the  competition  dependence 
of  the  electrooptic  R  coefficient  in  the  PMN-PT  system. 

A  two-dimensional  light  valve  array  for  an  image  projector  has 
[been  developed  using  transparent  PLZT  ceramics,  as  shown  in  Fig. 
!12.*®)  a  light  shutter  array  with  10  x  10  pixels  was  fabricated  by  a 
'sophisticated  tape  casting  technique,  starting  from  coprecipitated  j 
ipLZT  fine  powder.  Plate-through  and  separate  internal  electrodes  j 
{are  stacked  alternately  so  as  to  make  vertical  addressing  by  an' 
{external  electrode  connecting  separate  electrodes  and  horizontal! 
{addressing  by  a  plate-through  electrode.  A  pair  of  shutter  elements | 
‘beside  a  plate-through  electrode  constitute  an  image  pixel.  The| 
{transmittance  of  62%  (at  633  nm)  could  be  obtained  by  atmosphere 
controlled  sintering  of  a  green  chip,  which  is  in  good  comparison  with 
'163%  for  the  ideal  sample  prepared  by  hot  pressing.  A  contrast  ratio 
of  80  is  realized  with  a  response  time  of  10  psec  under  a  half¬ 
wavelength  voltage  of  lOOV  applied.  The  appUcaUve  feasibility  to  a 
high  definition  projection-type  TV's  was  verified. 


BlrtA^nganot  j 


FIGURE  10  Birefringence  vs.  field  in  FIGURE  II  Composition  dependence  of 
the  paraelectric  Pb(Zni/3  Nb2/3)03.  the  electrooptic  Kerr  Coefficient  in  the 


(I-x)  Pb(Mgi/3Nb2/3)03-x  PbTi03. 


Relaxor  ferroelectrics  are  widely  applicable  to  high  capacitance 
condensers,  electrostrictive  positioners,  electrooptic  light 
valves/displays  etc.  Superior  characteristics  of  these  materials  are 
mainly  attributed  to  the  easy  poling  of  the  ferroelectric  micro¬ 
domains.  Further  intensive  investigations  on  the  peculiar  domain 
reversal  mechanism  will  be  required  to  develop  more  sophisticated 
practical  devices. 
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ABSTRACT 

The  requirements  for  the  actuator  material  for  adaptive  structures  are  (1)  large  stroke, 
(2)  quick  response,  (3)  energy  saving  and  (4)  reliability/durability.  Especially  in  space 
applications,  mechanical  vibration  suppression  is  occasionally  required,  and  remote 
control/drive  of  the  actuator  is  another  key  technology.  This  paper  describes  recent 
developments  of  piezoelectric  and  related  ceramic  actuators  for  adaptive  structures. 

INTRODUCTION 

In  these  several  years  piezoelectric  and  related  ceramic  actuators  have  become  very 
popular  for  micro-positioning  in  optical  and  precision  machinery  fields  [1-S].  Very  recently, 
these  ceramic  actuators  have  been  trially  utilized  in  big  structures  such  as  military  vehicles  and 
space  constructions  for  realizing  “smart  skins”  and  active  vibration  suppression. 

The  requirements  for  the  actuator  materials  for  adaptive  structures  are  (1)  large  stroke, 
(2)  quick  response,  (3)  energy  saving  and  (4)  reliability/durability.  This  paper  reviews  recent 
developments  of  piezoeleari^electrostrictive  and  relat^  ceramic  actuators  from  the  above- 
mentioned  viewpoints.  New  gigantic  strsun  materials  of  antifetroelectrics  and  a  displacement 
magnification  mechanism  called  “moonie”  are  introduced,  firstly.  Then,  low  permittivity 
electrostrictors,  which  are  essential  to  quick  drive,  are  referred,  followed  by  a  pulse  drive 
technique  of  the  ceramic  actuators.  Thirdly,  described  are  shape  memory  ceramics  operated 
by  a  short  pulse  voltage  with  efficient  energy  saving.  Concerning  reliability/durability  issues, 
donor-ion  doping  effects  on  eliminating  the  strain  hysteresis  ate  mentioned,  and  a  destruction 
prediction  system  of  ceramic  actuators  using  acoustic  emission  detection  is  proposed. 

Especially  in  space  applications,  mechanical  vibration  suppression  is  occasionally 
requited,  and  remote  control/drive  of  the  actuator  is  another  key  technology.  Piezo- 
ceramicrcarbonqrolyiner  composites  for  passive  dampers  and  photostrictive  acmators  are 
introduced,  finally. 

LARGE  STROKE 

The  magnitude  of  the  maximum  strain  induced  in  piezoelectric/electrostrictive  ceramics 
is  usually  about  0.1%  and  is  not  enough  to  some  applications.  Utilization  of  the  strains 
associate  with  phase  transitions  such  as  an  antiferroelectric-to-fenoeiectric  transition  may 
give  a  breakthrough  to  this  problem  [6,71.  Figure  1  shows  the  field-induced  strain  curves 
taken  for  the  lead  zirconate-based  system  Pbo.99Nbo.o2(ZrxSni.x)i.yTiy)o.9g03.  Tlie 
longitudinally  induced  strain  reaches  up  to  0.4%,  which  is  much  larger  than  that  expected  in 
piezostrictors.  A  suRiciently  large  hysteresis  during  a  field  cycle  [Figure  1(a)]  exhibits  two 
on/off  strain  states,  which  can  be  referred  to  as  a  “digital  displacement  transducer.”  Devices 
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Figure  1  Longitudinally-induced  strains  in  Pbo.99Nbo.02((ZrxSni.x)i.yTiy)o.9803  « 
room  temperature. 

based  on  this  effect  are  currently  being  investigated  for  applications  requiring  predsc 
micropositioning  with  a  constant  distance  change  such  as  in  the  production  of  optical 
diffraction  gratings  and  photolithography.  ,  ,  .  l 

A  composite  actuator  structure  called  ’’moonie  has  been  devdoM  to  amplify  the 
small  displacement  induced  in  a  piezoelectric  ceramic  [8).  The  moonie  has  intermedia 
characteristics  between  the  conventional  multilayer  and  binxxph  actuators;  this  exhibits  m 
Older  of  magnitude  larger  displacement  than  the  multilayer,  and  muc*  larger  generauve  force 
with  quicker  response  than  the  bimorph.  The  device  consists  of  a  thin  multilayer  piezoceran^ 
elenKnt  and  two  metal  plates  with  a  narrow  moon-shaped  cavity  bonded  together  as  shown  in 
figure  2.  The  moonie  with  a  size  of  5nim  x  5min  x  2.Smhi  can  generate  a  20  pm 
displacement  under  60V,  which  is  eight  Unies  as  large  as  the  generauve  displacement  of  the 
multilayer  with  the  same  size  (figure  3).  The  new  compact  actuator  has  been  applied  to  make  a 
miniaturized  laser  beam  scanner  [9]. 

QUICK  RESPONSE 

Lead  magnesium  niobatc  based  ceramics  (PMN)  cm  exhibit  a  large  elcctrostri^ 

(--0  1%)  without  hysteresis,  and  have  been  utilized  in  varioia  applic^ons,  as  rcvieww  later. 
Because  of  a  high  permittivity  more  than  10.000,  however,  their  appbcation  to  pulse-dnve 
motors  has  been  limited.  Lead  barium  zirconate  titanate  based  electrostnetors 
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Figure  2  Structure  of  a  composite  actuator  “nwonic.” 
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Figure  3  Displacement  curves  measured  in  a  moonie  and  a  multilayer  actuator. 


((Pb.Ba)(2^.Ti)03)  wiih  a  relatively  low  penniuivity  (-3{XX))  are  suitable  for  quick  response 
applications  [10]. 

Drive/control  methods  of  the  actuator  reveal  occasionally  an  apparently  slow  response. 
Figure  4  shows  transient  vibrations  of  a  biniorph  actuator  excited  after  a  pseudo-step  voltage 
applied.  The  tip  displacement  induced,  in  general,  is  associated  with  overshoots  and  ringings. 
This  noise  vibration  period  is  a  loss  time  in  a  positioner  system.  When  the  rise  time  of  the 
voltage  is  appropriately  adjusted  (i.e.  equally  to  the  resonance  period),  the  overshoots/ringings 
arc  completely  suppressed  and  the  quickest  response  is  realized  [11]. 

A  flight  actuator  consi.sting  of  a  pulse-drive  piezoelectric  element  and  a  steel  ball  is  a 
very  suggestive  mechanism.  A  2  mm  steel  ball  can  be  hit  up  to  20  mm  by  a  5  mm 
displacement  induct  in  a  multilayer  actuator  with  quick  response.  A  dot-matrix  printer  head 
has  seen  trially  manufactured  using  a  flight  actuator  as  shown  in  figure  5  [I2j.  By  changing 
the  drive  voltage  pulse  width,  the  movement  of  the  amiaturc  is  easily  controlled  to  realize  no 
vibrational  ringing  or  double  hitting. 


Figure  4 


Transient  vibration  of  a  bimorph  tip  excited  after  a  pseudo-step  voltage  applied. 
The  n  IS  a  time  scale  in  the  unit  of  a  half  of  the  resonance  period. 
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ENERGY  SAVING 


The  field-induced  transition  exhibits  a  shape  memory  effect  in  appropriate 
compositions.  The  lead  zirconate  based  ceramics  provide  such  an  attractive  effect  as  shown  in 
figure  1(b).  Once  (he  ferroelectric  phase  is  excited,  the  material  will  “memorize”  its 
ferroelectric  shape  even  under  zero-voltage  conditions,  and  the  memory  can  be  erased  with  the 
application  of  a  small  reverse  bias  field  or  a  thermal  anneal.  This  shape  memory  device  can  be 
operated  by  a  short  pulse  voltage,  not  by  a  continuous  voltage;  this  means  remarkable  energy 
saving  in  comparison  with  the  conventional  piezoelectric  devices. 

A  new  latching  relay  in  figure  6  is  composed  of  a  shape  memory  ceramic  unimorph 
and  a  mechanical  snap  action  switch,  which  is  driven  by  a  pulse  voltage  of  3  ms  [13]. 
Compared  with  the  conventional  electro-magnetic  latching  relays,  the  new  relay  is  much 
simple  and  compact  in  structure  with  almost  the  same  response  time. 

RELIABILITY/DURABILITY 

The  hysteresis  in  the  electric  field  induced  strains  provides  significant  problems  in 
practical  devices.  Tlie  investigations  focused  on  compositions,  dopants  and  polycrystal 
microstructures  are  introduced  here. 

Recently  developed  lead  magnesium  niobate  based  ceramics  (Pb(Mgi/3Nb2/3)03  - 
PbTi03)  can  exhibit  a  large  nonlinear  electrostriction  (Al/l-lQ-^)  wittout  any  hysteresis  and 
aging  effect  [  14).  A  simple  defomiable  unimorph  minor  using  the  PMN  electrostrictor  has 
been  fabricated  for  refocusing  a  light  beam  [ISj.  Figure  7  shows  parabolic  deformation  of  the 
minor  measured  by  an  interferometric  technique  on  a  cycle  with  rising  and  falling  electric 
field.  In  comparison  with  the  conventional  lead  zirconate  titanate  (PZT)  piezostrictor,  the 
PMN  mirror  is  much  superior  in  the  reproducibility  at  zero  field. 
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Figure  7  Interferometric  fringe  patterns  generated  by  the  deformable  mii .  .  made  of  the 
PZT  piezostrictor  (a)  and  of  the  PMN  electrostrictor  (b). 


The  doping  effect  of  various  ntetal  ions  on  the  field  induced  strains  has  been 
investigated  in  (Pb,Ba)(Zr,Ti)03  ceramics  [  I6J.  Figure  8  plots  a  relation  between  the 
maximum  strain  and  the  degree  of  Itysteresis.  TIte  maximum  strain  Xnuw  is  defined  by  the 
strain  at  the  maximum  field  Enuu  =  i  kV/mm,  and  the  degree  of  hysteresis  is  calculated  as  the 
ratio  (%)  of  the  strain  deviation  Ax  at  Emox/^  over  Xmax-  As  doped  with  acceptor-type  ions 
(small  valence  +1  to  +3),  the  Xmax  decreases  drastically  and  the  hysteresis  increases.  On  the 
contrary,  the  donor  doping  (large  valence  +5  to  +6)  provides  a  remarkable  decrease  in  the 
hysteresis  with  keeping  the  magnitude  of  xmax-  This  phenomenon  is  explainable  by 
considering  a  domain  wall  pinning  effect  caus^  by  crystal  deficiencies. 

As  the  requirements  for  piezoelectric/electrostrictive  actuators  become  more  specific, 
inadeijuacies  due  to  the  preparation  history  of  the  ceramic  arise  in  reproducibility  of  properties. 
High  reproducibility  is  achieved  only  by  precise  control  of  the  grain/panicle  size,  which  is  not 
possible  udlizing  the  conventional  mixed-oxide  method  of  preparation.  Recent  preparation 
technology  of  ultrafine  ceramic  powders  has  been  very  useful  in  producing  reliable  and 
durable  ceramic  actuators.  The  effect  of  grain  size  on  the  electrostrictive  response  and  the 
mechanical  fracture  toughness  in  lead  lanthanum  zirconate  titanate  (PLZT  9/65/35)  is  shown  in 
figure  9(a)  and  (b)  { 17].  A  significant  reduction  in  hysteresis  and  in  the  strain  magnitude  is 
observed  for  grain  sizes  less  than  1.7  4m.  as  well  as  a  remarkable  increase  in  the  fracture 
toughness. 


Degree  of  Hysteresis,  AxAn>Qx(V«) 


Figure  8  Ion  doping  effect  on  the  electrostriction  in  (Pb.Ba)(Zr,'n)C)3. 
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Figure  9  Grain  size  dependence  of  field-induced  strain  (a)  and  Vickers*  indentation  test 
(b)  observed  in  PLZT  9/6S/3S. 

Safety  is  the  higher  fmority  in  actuator  systems.  A  very  smart  system  has  been 
proposed,  containing  a  reliability  test  system,  which  can  stop  an  actuator  system  safely 
without  causin|;  any  serious  damages  on  to  the  work,  e.g.  in  a  lathe  machine  (fig.  10). 
Acoustic  emission  measurement  of  a  piezo-actuator  under  a  cyclic  electric  Held  is  a  good 
candidate  for  estimating  the  lifetime  of  the  actuators  [18].  Acoustic  emission  is  detected 
largely  wlren  micro-cracks  propagate  in  a  ceramic  sample.  During  a  ntmnal  drive  of  the 
piezoelectric  actuator,  a  drastic  increase  of  AE  number  by  three  t^ers  oi  magnitude  was 
detected  just  before  the  final  destruction  (fig.  1 1). 
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Figure  10  Very  smart  actuator  system  with  a  reliability  test  function  as  well  as  a  position 
sensor. 


Thermal  Shock 

Fteure  1 1  Acoustic  emission  measured  during  a  normal  drive  a  multilajw  piezoelectnc 

actuator.  Each  measurement  was  done  after  successive  thermal  shocr 

treatment 


VIBRATION  SUPPRESSION 

Passive  damper  applicaiion  is  a  sinju-t  us;ige  of  piezoelectrics,  where  mechanical  noise 
vibration  is  radically  suppressed  by  the  converted  electric  energy  dissipation  through  Joule 
heat  when  a  suitable  resistance.  ci|u:tl  to  an  imivdance  <'f  the  piezoelectric  element  1 /tnC.  is 
connected  to  the  piezo-  eleiiK'nl  1 19|.  Piezuceramic:caiix)n  biack.:polymer  composites  are 
promising  useful  designs  for  pnictical  application.  Figiiiv  12  sIkuvs  the  damping  time 
constant  change  with  volume  percentage  of  tire  carbon  black  120].  The  minimum  time 
constant  (i.e.  quickest  damping)  is  obtained  at  6%  of  carbon  black,  where  a  drastic  electric 
conductivity  change  is  observed  (percolation  tlireshold).  Notice  that  this  effect  is  enhanced  by 
using  a  higher  electro-mechanical  coupling  material. 

REMOTE  CONTROL 

A  photostrictive  actuator  is  the  best  example  of  intelligent  materials  including  sensing 
of  illumination,  self  production  of  drive/control  voltage  and  final  actuation  in  a  unique  material 
[21|.  In  certain  ferroelectrics  a  phenomenon  by  which  a  constant  electromotive  force  is 
generated  with  exposure  of  light  has  been  observed.  A  photostrictive  effect  is  expected  as  a 
result  of  the  coupling  of  the  bulk  photovoltaic  and  inverse  piezoelectric  effects. 

A  unit  bimorph  is  made  from  PLZT  (3/52/48)  ceramics  with  slight  addition  of  niobium 
and  tungsten.  The  remnant  polarization  of  one  PLZT  is  parallel  to  the  plate  and  in  the  direction 
opposite  to  that  of  the  other  plate  (refer  to  figure  13).  When  a  violet  light  is  applied  to  one  side 
of  the  PLZT  bimorph,  photovoltaic  voltage  of  (0.7  kV/mm)  is  generated,  causing  a  bend  as  a 
whole.  The  displacement  observed  at  the  tip  of  a  20  mm  long  bimorph  with  0.4  mm  in 
thickness  is  ISO  pm  with  the  response  time  of  1  sec. 
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Figure  12  Damping  time  constant  change  with  volume  percentage  of  carbon  black  in 

polymer  composite  piezoelemc  dampers. 
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Figure  13  Structure  of  a  photo-driven  bimorph. 
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Figure  14  Structure  of  the  walking  element  and  the  directions  of  illununation. 

A  photo-driven  micro-waling  device,  which  is  designed  to  start  moving  by  the 
irradiation  of  light,  has  been  developed  122).  As  shown  in  figure  14,  it  is  simple  in  structure, 
having  neither  lead  wires  nor  electric  circuits.  Only  two  binx^h  legs  are  fixed  to  a  plastic 
board.  When  light  is  irradiated  to  the  legs  alternately,  the  device  moves  like  an  inchworm. 

CONCLUSION 

The  iri^rovements  of  existing  actuator  materials  are  already  well  underway  and  the 
advances  that  Vie  ahead  will  be  extensive.  Brwht  future  of  piezoelectric  and  related  ceramic 
actuator  is  anticipated  in  various  application  mlds  for  adaptive  structures. 
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Crack  propagation  in  multilayer  piezoelectric  actuators 
made  of  Pb((Niv3Nb],j),Ti,Zr)Oj  ceramics  with  an  interdigi¬ 
tal  electrode  configuration  was  observed  dynamically  under 
an  applied  cyclic  electric  field  using  charge  coupled  device 
micniscopy.  The  crack  was  observed  only  under  a  high  elec¬ 
tric  field,  and  it  healed  under  zero  field.  The  crack  was  initi¬ 
ated  at  the  internal  electrode  edge  and  propagated  from  the 
electrode  edge  in  three  directions.  The  electric-field- 
induced  dispkicement  was  measured  simultaneously  with 
the  propagation.  The  displacement  of  the  multilayer  actua¬ 
tor  became  gradually  smaller  and  asymmetric  with  respect 
to  the  sign  of  the  field  with  increased  driving  cycle. 

I.  Introduction 

Riicently.  ceramic  actuators  have  been  accepted  for  vari¬ 
ous  applications,  such  as  precision  positioners  in  semicon¬ 
ductor  manufacturing  processes  and  precision  cutting 
machines.''-'  Multilayer  actuators  have  several  advantages: 
quick  response,  large  generative  fixee,  and  high  electrome¬ 
chanical  coupling.  Many  applications,  such  as  a  printer  head^ 
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and  an  X-Y  stage,’  have  been  attempted  using  the  multilayer 
actuator.  New  applications  of  multilayer  actuators  make  tlwir 
endurance  very  important. 

Figure  1(A)  shows  a  typical  interdigital-type  structure  of  a 
multilayer  actuator.  The  internally  generated  stress  around  the 
boundary  between  electrostrictively  active  and  inactive  parts 
(i.e.,  the  electrode  edge  region)  is  expected  to  be  large  enough 
to  cause  self-destruction.  The  distribution  of  the  internal  stress 
under  an  electric  field  in  this  type  multilayer  actuator  has  been 
calculated  by  Takahashi  ei  al.*"  using  a  finite-element  method. 
The  magnitude  of  the  tensile  stress  is  as  high  as  1  x  10*  Pa, 
which  is  as  large  as  the  destruction  strength  of  the  ceramic  (Fig. 
1(B)).  This  suggests  that  a  crack  might  be  initiated  around  the 
electrode  edge  where  a  large  internal  stress  is  concentrated. 

Although  the  theoretical  estimation  methods  have  been 
reported,  the  actual  destruction  mechanism  of  multilayer  actua¬ 
tors  has  not  been  experimentally  clarified  as  yet  bnause  of 


fig.  2.  Electrode  configuration  of  a  model  multilayer  actuator  used 
in  this  experiment. 


(A) 


External  Electrode 


Pig.  1.  (A)  Stmetwe  of  a  multilayer  actuator  with  an  interdigiial  electrode  configuration.  (B)  Intemal  stress  distribiMion  in  a  multilayer  actuator 
svidi  an  imeiiligital  electrode  cooligunlion  (Ref.  6).  Ainiw  length  corresponds  to  the  relative  magnitude  of  the  stress  generated. 
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experimenul  difficulties.  We  have  recently  developed  a  new 
tool  to  observe  the  destruction  mechanism.  The  purpose  of  this 
research  is  to  visually  observe  dynamically  the  crack  propaga¬ 
tion  in  multilayer  actuatois  with  an  interdigital  electrode  con¬ 
figuration  by  using  a  high-resolution  charge  coupled  device 
(^D)  microscope,  and  to  measure  simultaneously  the  electric- 
field-induced  displacement  change  during  the  destruction 
process. 
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Note  that  the  crack  is  observed  only  under  a  high  electric 
field  and  is  not  detected  under  a  zero  field;  this  is  probably  what 
has  provided  the  difficulty  in  previous  experiments,  which  were 
perfomKd  without  an  electric  held. 

II.  Experimental  Procedure 

The  model  multilayer  actuators  were  prepared  by  a  conven¬ 
tional  tape-casting  method.'  The  samples  simulating  the  inter¬ 
digital  electrode  configuration  used  in  this  experiment  had  only 
one  layer,  with  a  thickness  of  280  pm  (Fig.  2).  The  ceramic 
composition  was  a  Pb((Ni|„Nb2  0,Ti.Zr)Oi-bascd  piezoelectric 
ceramic  of  the  same  composition  as  used  in  commercial 
multilayer  actuators.  Note  that  the  model  multilayer  actuator 
used  in  this  experiment  exhibited  a  very  large  internal  stress, 
concentrated  around  the  electrode  edge,  so  as  to  accelerate  the 
multilayer  actuator  collapse. 

Figure  3  shows  the  measuring  system,  composed  of  a  CCD 
microscope  (Model  IK-C40,  Toshiba,  Tokyo,  Japan)  and  a  dis¬ 
placement  sensor  (Model  1301,  Millitron).  The  CCD  used  here 
had  400  000  pixels,  and  I -pm  length  of  sample  was  magnified 
up  to  I  mm  on  the  monitor;  this  is  probably  the  resolution  of  the 
CCD.  The  crack  propagation  process  was  video  recorded.  The 
sample  was  bipolar  driven  at  0. 1  Hz,  where  a  triangular  wave  of 
the  electric  field  with  =  20  kV/cm  was  adopted. 


Fig.  3.  Measuring  system  for  crack  propagation. 
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Fl«.  5.  Variation  of  (he  induced  displacement  during  destruction:  (A)  initial  state.  (B)  after  1800  cycles.  <C)  after  2400  cycles,  and  (D)  after  3600 
cycles. 


III.  Results 
(t)  Crack  Propagation 

Ftgures  4(A)  to  (C)  show  a  typical  crack  propagation  pro¬ 
cess.  At  first,  the  crack  is  initiated  at  one  internal  electrode 
edge;  it  propagates  obliquely  toward  the  paired  electrode  (Fig. 
4(B)).  which  corresponds  qualitatively  to  the  result  of  the  cal¬ 
culated  internal  stress  distribution  in  Fig.  1(B),  even  if  the  cal¬ 
culation  was  made  for  somewhat  different  electrode 
configurations.  The  crack  also  propagates  outward  from  the 
electrode  edge,  which  is  also  expect^  from  the  electrode  con¬ 
figuration,  and  along  the  memi  electrode  (Fig.  4(C)).  The  adhe¬ 
sive  strength  between  the  ceramic  and  the  electrode  metal  is 
probably  weaker  than  the  mechanical  strength  of  the  ceramic 
itself,  and  the  propagation  speed  of  the  crack  along  the 
ceramic-metal  electrode  boundary  is  the  quickest  path  among 
the  three  branches. 

Note  that  the  crack  is  observed  only  under  a  high  electric 
field  and  is  not  detected  under  zero  field. 

(2)  Displacement  Change  during  DestnietioH 

The  magnitude  of  the  displacement  induced  in  the  model 
multilayer  actuator  was  about  0.7  |i.m.  The  displacement  curve 
in  Fig.  S(A)  shows  a  typical  soft  piezoelectric  strain  character¬ 
istic  associated  with  the  domain  reversal.  As  the  crack  propa¬ 
gates,  the  displacement  curve  becomes  asymmetric.  A 
remarkable  decrease  in  the  strain  occurs  when  a  positive  elec¬ 
tric  field  is  applied.  This  asymmetry  is  attributed  to  the  asym¬ 
metric  electrode  configuration.  By  increasing  the  cycle  of 
deformation,  the  magnitude  of  the  displacement  decreases, 
which  is  explained  by  a  decrease  of  the  effective  electric  field 
on  the  ceramic  because  of  the  narrow  air  gap  generation  (i.e., 
crack).  The  magnitude  of  the  displacement  dniease  differed 
slightly  in  each  sample,  but  the  tendency  was  observed  in  most 
of  the  10  samples. 


IV.  Summary 

(1)  To  clarify  the  crack  propagation  mechanism  in  the 
piezoelectric  multilayer  actuator,  we  have  set  up  a  high-resolu- 
tion  CCD  microscope,  with  the  capability  of  simultaneously 
measuring  the  induct  strain. 

(2)  We  have  made  a  model  multilayer  actuator  so  as  to 
cause  the  crack  to  occur  at  a  very  high  speed.  The  crack  is 
(foserved  only  under  an  electric  field  and  is  closed  under  zero 
field. 

(3)  The  crack  is  initiated  at  the  internal  electrode  edge,  and 
it  branches  basically  into  three  directions  from  the  electrode 
edge.  This  crack  propagation  process  corresponds  qualitatively 
to  the  result  of  the  internal  stress  distribution  calculated  using  a 
finite-element  method. 

This  preliminary  work  will  be  followed  by  systematic  obser¬ 
vation  on  piezoelectric,  electiostrictive,  and  ^ase-transition- 
related  ceramic  actuators,  as  well  as  detailed  analysis  based  on 
the  exact  electrode  configuration. 

Acknowledgment:  The  authon  would  like  to  eapeest  their  (ntitude  to 
Mr.  Yosbiaki  Fud  i  (or  supplying  the  raw  Pli((Ni„.,Nbj,).Ti.Zr)0,  powder. 
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APPENDIX  34 


Ceramic  Actuators: 
Principles  and 
Applications 

Kenji  Uchino 


Iiilroduciion 

Pifzwlcclric  aixl  clcclrostrictive  actua- 
Jors,  capable  of  moving  .someihing  elec- 
tromeclumically,  are  forming  a  new  field 
Ix’lwcen  elvrlronic  and  slrucloral  ceram¬ 
ics.'  ’  ApplicaliiHi  fields  are  classified  into 
three  categories:  |x»siiioners,  iiKitors,  aixl 
vibratkm  suppressors.  Tlie  manufacturing 
precision  of  optical  instruments  such  as 
lasers  and  cameras,  and  the  positioning 
accuracy  for  fabricating  semiconductor 
chi|is,  which  must  be  adjusted  using  solid- 
stale  actuators,  is  of  lire  order  of  0.1  /im. 
Regarding  conventional  electroinagnelic 
motors,  liny  motors  smaller  Ilian  I  cm'  ate 
often  required  in  office  or  factory  automa¬ 
tion  eiiuipiKiit  and  are  rallier  difficult  to 
produce  with  sufficient  energy  efficieiKy. 
Ultrasonic  iiKilors  wlwse  efficiency  is  in¬ 
sensitive  to  size  are  sufierior  in  the  mini- 
motor  area.  Vibration  suppressiori  in  space 


structures  and  military  vehicles  using 
piezoelectric  actuators  is  also  a  promising 
technology. 

New  solid-slate  displacement  transducers 
ccHilrolled  by  tem|ierature  (sha|>e  memory 
alloy)  or  magnetic  field  (amor(^Hius  mag- 
netostrktive  alloy)  Itave  been  proyiosed,  but 
are  generally  inferior  to  tlie  piezoelectric/ 
electrostrictive  actuators  because  of  tech¬ 
nological  trends  aimed  at  reduced  driving 
power  and  miniaturization. 

This  article  reviews  recent  developments 
of  piezoelectric  and  related  ceramic  actua¬ 
tors  for  smarl/intelligent  systems. 

Ceramic  Actuator  Materials 

What  happens  on  an  atomic  scale  when 
a  ceramic  exfiands  or  contracts  in  response 
to  an  applied  electric  field?  There  are  three 
types  of  strain  (defined  by  the  ratio  AL/L: 


the  amount  of  dcforinalion  with  respect 
to  llic  original  IcMiglh)  tlial  may  be  induced 
by  an  electric  fiekl,  defx'nding  on  tlie  crys¬ 
tal  structure:  piezoelectric,  electrostrictive, 
ani.i  pliase-change-rvlaled  strains. 

Figures  la  aixi  b  sltow  rigid  ion  models 
lor  noncentrosymmetric  (piezoelectric) 
and  centrosymmetric  (electrostrictive) 
crystals,  respectively.*  When  an  electric 
field  is  applied  to  the  crystal,  the  cations 
are  displaced  in  tlie  direction  of  tlie  field 
and  tlie  anions  in  tlie  opfiosite  direction. 
Tlie  ionic  shift  differerxes  in  norKentro- 
symmetric  ceramic  can  be  visualized  as 
soft  and  liard  sjirings,  producing  piezostrk- 
tion.  Tlie  iixiuced  strain  is  proportional  to 
the  applied  field  (i.e.  jt  —  dE).  For  the  cen¬ 
trosymmetric  structure  in  Figure  lb,  an- 
harmonicily  of  the  springs  is  essential, 
resulting  in  a  second-order  electrostrictive 
effect.  Here  tlie  induced  strain  is  propor¬ 
tional  to  tlie  square  of  the  field  (x— ME'). 

Actual  strains  in  ceramics  are  induced 
in  more  complicated  ways.  I’tie  crystal  pic¬ 
tured  in  Figure  la  possesses  a  ^mntaneous 
polarization.  When  a  large  reverse  electric 
field  is  applied  in  the  opposite  direction  of 
the  spontaneous  polarization,  a  transition 
phase  is  formed  which  is  another  stable 
crystal  slate  in  which  the  relative  positions 
of  tlie  kxis  are  reversed  by  ISOt  This  tran¬ 
sition.  referred  to  as  polarization  reversal, 
causes  a  jump  and  hysteresis  of  the  strain 
during  an  electric-field  cycle,  superim¬ 
posed  on  tlie  pure  pezostriction.  Non-180* 
polarization  reorientation,  though  not 
sliown  in  the  one-dimensional  model  in 
Figure  la,  also  causes  significant  contribu¬ 
tion  to  the  strain  hysteresis. 

Modified  lead  zirconale  titanale  IPZT, 
rb(ZrJi)0])-based  ceramics  are  currently 
the  leading  materials  for  piezoelectric 
applications.  The  PLZT  |(nvLa)(ZrTi)0)) 
7/62/38  compound  is  one  such  composi¬ 
tion.'  The  strain  curve  is  shown  In  Fig¬ 
ure  2a  left.  When  the  applied  field  is 
small,  the  induced  strain  is  nearly  propor¬ 
tional  to  tlie  field.  As  the  field  becomes 
larger  (i.e.,  greater  than  about  100  Mhun), 
however,  tlK  strain  curve  deviates  from 
tliis  linear  trend  and  significant  hysteresis 
is  exhibited  due  to  polarization  reorienta¬ 
tion.  This  sometimes  limits  the  usage  of 
this  material  in  actuator  apf^ications  that 
require  nonhysteretic  response 

An  interesting  new  family  of  actuators 
has  been  fabricated  from  a  barium  stan- 
nate  titanate  |Ba(SnTi)Oj]  solid  solution.* 
The  useful  property  of  Da(%aBTi«s)Oi  is  Ms 
unusual  strain  curve  in  which  the  domain 
reorientation  occurs  only  at  low  fieide  and 
there  b  then  a  long  linear  range  at  higher 
fields  (Figure  2a  right);  i.e.,  the  coercive 
field  is  unusually  small. 

On  the  other  hand,  electrostrktion  in 
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l’MN(l’b{MgnNbi-i)03|-bascd  ceramics, 
tiunigh  a  seci>iul-i>rder  phenonrriion  of 
eleclromedraitical  coupling,  is  extraordi¬ 
narily  large  (more  llran  0.19r)*  An  attrac¬ 
tive  feature  of  tiwse  materials  is  lire  rrear 
absence  of  hysteresis  (Figure  2b). 

CoiKerning  the  phasc-change-relaled 
strains,  |x>larizatioir  induction  by  switch¬ 
ing  from  a  macroscopicnlly  iwn|x>lar  into 
a  |Hilar  state,  as  in  switching  from  an  anti- 
ferroelectric  to  a  ferroelectric  stale,  has 
been  pro|>osed.”  Figure  3  illustrates  the 
phase  transition  mccluinism  under  an  ap¬ 
plied  electric  field,  in  cuniparison  with  the 
phase  change  in  a  shape  menrory  alloy." 
Notice  that  tlie  strain  control  is  m^e  tlrer- 
mally  in  shape  memory  alloys,  leading  to 
much  slower  response  and  higher  drive 
power  llvin  in  tlie  anliferroelectrics. 

Figure  2c  sliows  tlie  field-induced  strain 
curves  taken  for  Hie  lead  zirconate  stannate- 
based  system  (rbB«Nbma((Zr,Sni.,)^,Ti,)M, 
Oj|.  The  longitudinally  induced  strain 
reaches  up  to  0.4%,  which  is  mucli  larger 
than  tliat  expected  in  normal  piezostric- 
lors/electrostrictors.  A  rectangular-shafie 
hysteresis  in  Figure  2c  left,  referred  to  as  a 
‘digital  displacement  transducer*  because 
of  the  two  on/off  strain  states,  is  interest¬ 
ing.  Moreover,  this  field-induced  transition 
exhibits  a  shape  memory  effect  in  appro¬ 
priate  compositions  (Figure  2c  right).  Once 
Hie  ferroelKtric  phase  has  been  irduced, 
the  material  will  'memorize*  its  ferroetec- 
Iric  stale  even  under  zeto-field  conditions, 
although  it  can  be  erased  with  the  appli¬ 
cation  of  a  small  reverse  bias  field.'’  This 
shape  memory  ceramic  is  used  in  energy¬ 
saving  actuators. 

The  fundamental  features  of  ceramic  ac¬ 
tuators  may  be  summarized  as  follows: 

■  Displacements  of  up  to  several  tens  of 
microns  that  can  be  controlled  with  a  pre¬ 
cision  of  ±0Xn  |im. 

■  Response  spe^  on  the  order  of  10 /isec. 

■  Ceiierative  forces  as  large  as  400  kglAm’. 

■  Driving  power  an  or^  of  magnitude 
smaller  than  electromagnetic  motors. 

As  the  rec{uirements  for  ceramic  actua¬ 
tors  become  more  qiecific,  inadequacies 
due  to  the  preparation  history  of  the  ce¬ 
ramic  arise  in  reiiroducibilily  of  proper¬ 
ties.  High  reproducibility  is  adiiev^  only 
by  precise  control  of  the  grain/particle 
size,  which  is  not  possible  utilizing  the 
conventional  mued-oxide  method  of  prepa¬ 
ration.  Recent  advances  in  preparation 
technology  of  ultrafine  ceramic  powders 
has  been  useful  in  producing  retiidiie  and 
durable  ceramic  actuators.  The  effect  of 
grain  size  on  the  electrostrictive  response 
and  the  mechanical  fracture  toughness  in 
lead  lanthanum  zirconate  tilanate  (PLZT 
SUbSOS)  is  shoivn  in  Figures  4a  at«l  4b.’’  A 
significanl  reduction  bn  hysteresis  and  in 
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tlu‘  slr.iiii  is  tibsi'rvi-il  (ur  );rniii 

si/rs  loss  llwn  1.7  /zm,  ns  is  n  romnrknWo 
iiicronso  in  llio  frncliiio  liniglinoss,  •■.ug- 
gosling  Iho  o.xisloiKo  of  an  uptiiiiuin  grain 
size  aioiiiKl  I  /rm. 

Actuator  Designs 
Two  of  the  most  popular  actuator  de¬ 
signs  arc  multilayers  and  biiiu'rphs  (see 
Figure  5).  ‘I'Ik*  multilayer,  in  which  roughly 
100  thin  piozooloctric/oleclroslriclivc  ce¬ 
ramic  shc-els  arc  .stacked  together,  has  ad¬ 
vantages  in  low  driving  voltage  (100  V), 
quick  respcinse  (10  ^sec),  high  generative 


force  (lot)  kgf)  aiKl  high  elixtioinechani- 
cal  coupling.  Out  tlte  displacement  in  the 
range  of  10  ftm  is  iwt  sufficient  for  some 
applicalkms.  This  contrast.s  with  the  hi- 
morph,  consisting  of  multiple  pie/.cx’lextiic 
and  elastic  plates  Imiuled  l«igellH.'r  to  gen¬ 
erate  a  large  bending  displacement  i>f  sev¬ 
eral  hundred  /on, but  IIk*  resptmse  (I  m.siv) 
and  the  generative  force  (lOt)  gf)  ate  low. 

A  composite  actuator  structure  called 
tlie  "inoonie"  has  l>een  develo|'ed  to  pro¬ 
vide  cha racier istics  intermediate  K’tween 
the  multilayer  and  bimorph  actuators;'^ 
this  transducer  exhibits  an  order  of  ntag- 


b) 


D  =  1.1  (pm)  0  =  2.4  (pm) 

C  =  208  ±  22  (pm)  C  =  275  ±  30  (pm) 


JiKute  4.  Craiw-sfM  dcpcmlcrKe  fieM  imIucal  sirtin  W  •.nI  Vkkers  imIniMim  l«l  (W. 
pbtertwl  itirUT»6S/3i 
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nilude  lar|>,er  displacement  than  tlw'  multi¬ 
layer,  ancl  much  larger  generative  force 
with  quicker  rcsi^onse  than  tlw  lHnK)r|>h. 
The  device  ct>nsisls  of  a  thin  multilayer 
pieziK’lectric  element  aiKl  two  metal  plates 
with  iwrrow  ntoon-slin|x\1  cavities  boiKled 
together  as  shown  in  Figure  5.  TIk?  inoonie 
with  a  size  of  5  x  5  x  2.5  mm  can  gener¬ 
ate  a  20-/xm  displacement  under  60  V, 
eight  limes  as  large  as  the  generative 
displacemeul  of  the  multilayer  with  the 
same  size.”  This  new  compact  aclualut 
lias  been  applied  to  make  a  miniaturized 
laser  beam  scaiuier. 

Appiicalions  of  Piczocleclric/ 
Eiectrostrictive  Actuators 

riczoeleciric/electrusiriclive  actuators 
may  be  classified  into  two  categories,  based 
on  llie  lyfie  of  driving  voltage  applied  to 
tlie  device  aixi  (lie  nature  of  llie  strain  in¬ 
duced  by  the  voltage  (Figure  6);  (1)  rigid 
displacement  devices  fur  which  lire  strain 
is  induced  unidirecliunally  along  an  ap- 
filied  dc  field,  and  (2)  resonating  displace¬ 
ment  devices  for  wliich  (he  alternating 
strain  is  excited  by  an  ac  field  at  (he  me¬ 
chanical  resonance  frequency  (ultrasonic 
motors).  Tlie  first  can  be  furllier  divided 
into  two  lyjies:  servo  disjilacement  trans¬ 
ducers  (positioners)  controlled  by  a  feed¬ 
back  system  through  a  posit ion-^tecl km 
signal,  and  pulse-drive  motors  operated  in 
a  single  on/off  switching  mode.  An  actua¬ 
tor  referred  to  as  a  flight  actuator  lias  been 
proposed  that  strikes  a  steel  ball  by  means 
of  a  pulse-drive  unit  made  from  a  multi¬ 
layer  piezo-device  similar  to  that  found  In 
a  pinball  machine.* 

The  material  requirements  for  these 
classes  of  devices  are  somewliat  different, 
and  certain  compounds  will  be  better  suited 
to  particular  applications.  The  ultrasonic 
motor,  for  instance,  requires  a  convenlkmat 
hard-type  piezoelectric  with  a  high  me¬ 
chanical  quality  factor  Q.  The  servo- 
dispiacenienl  transducer  suffers  most  from 
strain  hysteresis  and,  therefore,  a  PMN 
electrostrictor  is  used  for  this  purpose.  The 
pulse-drive  motor  requires  a  low  permit¬ 
tivity  material  aiming  at  quick  response 
rather  than  a  sntall  hysteresis  so  that  soft- 
PZT  piezoelectrics  are  preferred  to  (he 
high-permittivity  fWN  for  this  appUcatkm. 

Three  typical  application  examples  will 
now  be  considered. 

Deformable  Mirror 

In  the  field  of  optical  information  pro¬ 
cessing,  deformable  mirrors  have  been 
proposed  lo  control  lire  phase  of  the  inci¬ 
dent  light  wave.  The  deformable  mirror 
can  be  made  convex  or  concave  on  the 
surface  as  necessary.  This  type  of  mirror, 
wliich  is  applicable  to  an  accessory  device 


MRSBUliETINfAPIUllfaS 


ueramic  Aciuaicis:  Principles  and  Applications 


Figure  5.  Tufkal  ikfignsfor  temmir  miimlors:  miillihiytr.  mwik,  und  Himuph. 


Figure  &  CUuaifkulian  ef  luetaekdrkMtcIrosIrkiive  tdualon. 


(HI  nl'scrvalwy  Idosanies,  cffwrlivcly  cor- 
rivls  for  invite  ilisiorikNU  resulting  fniiii 
fiticlualing  airflow. 

An  example  of  a  deformable  mirror  is 
lire  lrvu-dimen.sional  mullimurph  type  il> 
lii.siraled  in  Figure  WIren  Ihree  lay¬ 
ers  of  thin  clectroslriclive  ceramic  (PMN) 
plates  are  Ixririted  to  lire  clastic  plate  of  a 
glass  nrirror,  tire  nrirmr  surface  is  defonned 
in  varkxts  ways  curres^xMidiirg  to  lire  strain 
iirduced  in  lire  I’MN  layers.  Tire  irature  of 
lire  deformation  is  deteriirined  by  Ihe  elec- 
tnrde  configuratkxrs  aird  lire  disiribulion 
of  lire  applied  eleclric  field.  Trial  devices 
have  bem  desigired  by  fiitile  eleiireni  meth¬ 
ods  such  lltal  lire  firsi  layer,  rvilh  a  urrifomr 
eleclrode  pallern,  produces  a  spherical 
deforinalion  (i.e.,  refocusing),  while  the 
secoird  layer,  with  a  6-divid^  eleclrode 
pallern,  corrects  for  conra  aberration. 

Aberraliotr  correctiar  usiirg  such  a  sinrple 
Ihree-layered  device  nrakes  tire  inrage  cirar 
to  ihe  Iwntan  eye.  Orre  may  relate  this  sihi- 
alkm  to  an  eye  exairriiralioir  at  the  oplonre- 
Irist.  First  you  are  asked  'Which  Im  fits 
you  besir  to  adjust  lire  focus  degree.  Thea 
'Do  you  have  an  unerreir  orientation  distri- 
bulioirr  to  correct  the  astignutism.  Usu¬ 
ally,  an  optometrist  does  not  further 
optically  correct  your  lenses.  Correction 
up  to  the  secoird  order  is  sufficient  for  Ihe 
human  eye 


Figure  7.  Siruclure  ef  e  mulHmorph 
defonuMe  mirrer  (■)  end  aduel  central 
ef  tight  umaefrent  (H. 
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hiiftncl  Dol’Miitrix  Printer 

Among  Ihc  various  lyi’es  of  printing 
devices,  dt)t  matrix  printers  are  rinitinely 
empl«>yed  at  present.  Uacli  character 
formed  by  such  a  pi  inter  is  com|x>sed  of  a 
24  X  24-dol  matrix.  A  printing  ril^bon  is 
subsc<|uently  impacted  by  a  iiuiltiu’ire  ar¬ 
ray.  A  sketch  of  tire  pi  inter  head  ap|x^nrs 
in  I'igure  8a." 

The  printing  clement  is  composed  of 
a  multilayer  piezoelectric  device,  in 
which  1(X)  thin  ceramic  slieels  100  ^m  in 
thickiress  are  stacked,  together  with  a 
sophisticated  magnification  mechanism 
(Figure  8b).  The  advantages  of  using  a 
multilayer  actuator  for  this  partiailar  ap¬ 
plication  include  a  low  driving  voltage, 
large  displacement,  and  a  high  electroirre- 
cluinkal  coupling.  Tlie  magnification  unit 
is  based  on  a  monolithic  hinged  lever  with 
a  magnificatiori  of  30,  resulting  in  an  am¬ 
plified  displacement  of  0.5  mm  aird  an  en¬ 
ergy  transfer  efficiency  greater  than  50%. 

The  merits  of  tlie  piezoelectric  impact 
printer  compared  with  (he  conventional 
electromagnetic  types  are:  (1)  higher  print¬ 
ing  speed  by  an  order  of  magnitude, 
(2)  lower  energy  consumption  by  an  order 
of  magnitude,  and  (3)  reduced  print¬ 
ing  ixiise,  which  can  be  obtained  with  a 
sound  shield  because  (lie  actuators  do  not 
generate  nuich  lieat. 

Ultrasonic  Motor 

Efforts  have  been  made  to  develop  high- 
power  ultrasonic  vibrators  as  replacements 
for  conventional  electromagnetic  motors. 
Two  categories  are  being  investigated  for 
ultrasonic  motors:  a  standing-wave  type 
and  a  propagating-wave  type. 

The  standing-wave  type  is  sometimes 
referred  to  as  a  vibratory-coupler  type  or  a 
'woodpecker"  ty)»e,  where  a  vibratory 
piece  is  connected  to  a  piezoelectric  driver 
and  the  tip  portion  generates  flat-eiUptical 
movement.  Attached  to  a  rotor  or  a  slider, 
the  vibratory  piece  provides  intermittent 
rotational  torque  or  thrust.  The  standing- 
wave  type  lias,  in  general,  high  efficiency, 
but  lack  of  control  in  both  clockwise  arid 
counterclockwise  directions  is  a  problem. 

An  ultrasonic  linear  motor  equipped 
with  a  multilayer  piezoelectric  actuator 
and  fork -shaped  metallic  legs  lias  been  de¬ 
veloped  as  shown  in  Figure  9.*"  Since  there 
is  a  slight  difference  in  the  mechanical 
resonance  frequency  between  the  two  legs, 
Ihc  phase  difference  between  the  bending 
vibrations  of  both  legs  can  be  controlled 
by  changing  the  drive  frequency.  The 
walking  sIkIct  moves  in  a  way  similar  to  a 
horse  using  its  fore  and  hind  legs  when 
trotting.  A  trial  motor  20  X  20  X  5  mm’  in 
dimension  exhibited  a  maximum  speed 
of  20  cm/s  and  a  maximum  thrust  of 


0.2  kgf  with  a  maximum  efficiency  of 
20%,  when  driven  at  98  kHz  of  6  V  (actual 
power  ~0.7  W).  This  motor  has  bem  em¬ 
ployed  in  a  precision  X-Y  stage. 

By  comparison,  the  propagating-wave 
type  (a  surface-wave  or  'surfing'  type)  com- 
Wnes  two  standing  waves  with  a  9tr  phase 
difference  both  in  lime  and  in  space,  and  is 
controllable  in  both  rotationa)  directimis. 

By  means  of  the  traveling  elastic  wave 
induced  by  the  thin  piezoelectric  ring,  a 
ring-type  slider  in  contact  with  (he  'rip¬ 
pled*  surface  of  the  elastic  body  bond^ 
onto  (he  piezoelectric  is  driven  in  both  di¬ 
rections  by  exclianging  the  sine  and  cosine 
voltage  inputs.  Another  advantage  is  its 
thin  design,  wiikh  makes  it  suitable  for 


b) 


installation  in  VCR  or  movie  cameras  as 
an  automatic  focusing  device.^ 

Future  Developments  of 
Ceramic  Actuators 
It  is  evident  that  the  application  field 
of  ceramic  actuators  is  remarkably  wide. 
There  still  remain,  however,  probiems  in 
durability  and  reliability  that  need  to  be 
addressed  before  Uiese  devices  can  become 
general-purpose  commercialized  prod¬ 
ucts.  Investigations  are  primarily  focused 
on  the  areas  of  material  preparation,  device 
design,  and  systemization  of  (he  actua¬ 
tor.”  In  particular,  current  topics  iiKlude 
the  preparation  of  homogeneous  fine- 
graiiied  oetando  by  means  ^  wet  chemical 


rigurc  8.  Structure  of  a  printer  head  (a)  and  a  differcntiat-tgi<e  piezoelectric  priHler-lu-ad 
element  (b). 


Figure  S  Ultrasonic  linear  motor  of  a  vibratory  coupler  type. 
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nictlwds,”  nwmiie  actuaJors.“  pulse-drive 
Icchnitjurs  based  on  anal)'si$  of  transient 
vibrations  atKl  vibration  stif'^vession,’^  ai¥l 
prediction  of  breakdown  within  a  ceramic 
actuator  by  means  of  acoustic  enussion 
measurements.** 

riezooeramic:carbon;|K4ymer  com|x^te3 
and  photostrictive  actuators  have  been 
under  recent  developnrent  for  mechanical 
vibration  suppression  and  remote  control/ 
drive  of  the  actuator.  TItese  devices  are  de- 
saibed  in  tire  closing  sections. 

Piezoelectric  Damper 

The  passive  damper  application  is  a 
smart  usage  of  piezoelectrics,  where  me¬ 
chanical  noise  vibration  is  radically  sup¬ 
pressed  by  tire  converted  electric  eirergy 
dissipation  through  Joule  heat  when  a 
suitable  resistance,  equal  to  an  impedarree 
of  the  piezoelectric  elenrent  l/a»C,  is  con¬ 
nected  to  the  piezo-element.**  Piezoce- 
ramicrcarbon  black  rpolynrer  composites 
ate  promising  designs  for  practical  appli¬ 
cations  (see  Figure  10).  The  minimum 
damping  time  constant  (i.e.,  quickest 
danrpind  is  obtained  at  6  vd  %  of  carbon 
black,  where  a  drastic  electric  corrductivity 
drai»e  is  observed  (percolation  thresh- 
okO-^The  vibration  suppression  effect  is 
greatly  enhanced  bv  uditg  a  higher  elec- 
troimdiatrkal  coupung  nuiteriaL 

Pholostrictiiie  Actuator 

A  photostrictive  actuator  is  a  fine  ex¬ 
ample  of  an  intelligent  material  incor¬ 
porating  illumination  sensing  and  self 
production  of  drive/control  voltage  to¬ 
gether  with  fiiul  acluatkm.  In  certain  fer- 
roelectrics,  a  constant  electromotive  force 
is  geiterated  with  exposure  of  light,  and  a 
photostrictive  strain  results  from  the  cou¬ 
pling  of  this  bulk  photovoltaic  effect  to  in¬ 
verse  piezoeiectrkity.  . 


Piezoelectricity  Resistivity  Mechanical 

FlexibHily 


ri$tm  Id  Jbssfar  damper  miag  a 
fkxaceramk/ftlymtr  eempoeUt. 


Proceeding  Direction 


Surface  (glass  polished  to  No.  4000) 

Figure  11.  Structure  tf  a  pAofo-drinrn  trutkiug  device  aiat  the  ittumirmtiou  directioru. 


A  bimorph  unit  has  been  made  from 
I*LZT  (3b52/ld)  ceramic  doped  with  slight 
additions  of  tdobium  and  tungsten.^  The 
renmant  polarization  of  one  PLZT  layer  is 
parallel  to  the  piate  and  in  the  direction 
o|.rposite  to  that  of  the  other  piate.  When  a 
vitdcl  light  is  irradiattxl  to  ixk'  shIv  of  tlie 
PLZT  bimorph,  a  phdovoltaic  voltage  of 
07  KVRnm  is  generated,  causing  a  betviirrg 
motioa  The  displacement  obs^ed  at  the 
tip  of  a  20  mm  ntnorph  0.4  mm  in  thidc- 
ness  is  150  pm,  with  a  resporoe  lime  of 
1  sec 

A  photo-driven  micro  walking  device, 
designed  to  begin  moving  ^  light  illumi- 
ruti^  has  been  devdoped.*  As  shown  in 
Figure  11,  it  to  rimple  in  structure,  having 
rreither  lead  wires  nor  electric  circuitry, 
with  two  bimorph  legs  fixed  to  a  plastic 
board.  When  the  legs  are  irradiated  alter- 
ttalely  with  light,  the  device  moves  like  an 
itrchworm  with  a  qxed  of  lUO  /unAnin. 

Summary 

br  summary,  piezoeiectik^electrostrKtive 
actuators  and  ultrasonic  motors  are  ex¬ 
pected  to  irrerease  in  market  share  to  more 
than  $10  billion  in  1998^  and  a  bright  future 
is  anticipated  in  many  applkatim  fields. 
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In  these  several  years  piezoelectric  and  electrostrictive  actuators  have  become  very 
popular  for  micro-positioning  in  optical  and  precision  machinery  fields.^  Aiming  at  wide 
comnierclalizatton  of  these  actuators,  many  investigations  have  been  made  In  the 
improvement  of  ceramic  materials  for  actuators,  designs  of  the  devices  and  control  and 
systematization  of  the  actuators.  This  paper  reviews  recent  applications  of 
plezoclectrlc/eleclroslrlctivc  ceramics  from  a  viewpoint  of  "smart’’  actuators  and  systems. 

A  passively  smart  material  is  exemplified  by  the  lead  magnesium  nlobate  (PMN)  based 
ceramic,  which  can  exhibit  a  large  electrostriction  (Al/1-10*^)  without  any  hysteresis  and 
aging  cITecl  during  an  electric  field  cycle.^  A  composite  actuator  structure  called  "nioonie”  has 
been  developed  to  amplify  the  small  displacement  iiuluced  in  a  multilayer  piezoelectric  device. 
Passive  damper  application  is  another  smart  usage  of  piezoelectrics,  where  mechanical  noise 
vibration  is  radically  suppressed  by  the  converted  electric  energy  dissipation  through  Joule 
heal  when  a  suitable  resistance  is  connected  to  the  plrzoeleclrtc  plale.^  Plezoceramlc:  carbon 
black:  polymer  composites  are  promising  useful  designs  for  practical  use. 

An  actively  smart  material  is  exemplified  by  the  video  tape  head  positioner  made  from 
a  lead  zirconale  tilanale  (PZT)  bimorph  with  sensor  and  actuator-divided  electrodes.^ 

Monomorphs  and  shape  memory  ceramics  belong  to  very  smart  materials.  A 
monomorph  device  made  of  a  semiconduclive  piezoelectric  plate  generates  the  Scholtky 
barrier  when  metal  electrodes  are  coated  on  the  faces,  providing  non-uniform  distribution  of 
the  electric  field  even  in  a  compositlonally  uniform  ceramic.  A  superimposed  effect  of 
piezoelectricity  and  semlconduclivity  leads  to  a  bending  deformation  in  a  total  ceramic  plate.^ 
The  strains  associated  with  phase  transitions  such  as  an  antlferroelectrlc-to-feiToeleclrlc 
transition  in  lead  zirconale  slanate-based  ceramics  reach  up  to  0.4%.  which  is  much  larger 
than  that  expected  in  electros! riclors.  Moreover,  this  field-induced  transition  exhibits  a  shape 
memory  eTect  in  appropriate  compositions,  and  such  ceramics  are  useful  for  the  applications 
to  latching  relay  and  a  mechanical  clamper.^ 

A  photostriettve  actuator  is  the  best  example  of  intelligent  materials  including  sensing, 
actuating  and  drive/control  functions  in  a  unique  material.^  In  certain  ferroelectrics  a 
phenomenon  by  which  a  constant  electromotive  force  Is  generated  with  exposure  of  light  has 
been  observed.  A  photostriettve  effect  is  expected  as  a  result  of  the  coupling  of  the  photovoltaic 
and  inverse  piezoelectric  effects.  A  remote  control  miniature  walking  robot,  which  Is  activated 
with  illumination,  is  currently  being  fabricated.  Two  photoslrlclive  PLZT  bimorphs  were 
combined  together  and  each  plate  exhibits  a  minute  photo-induced  displacement  on  the  order 
of  150  pm.  Alternative  illumination  causes  a  slow  moving  of  the  ceramic  device. 

*  O  1992  lOP  Publishing  Ltd 
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Active  Materials  and  Adaptive  Structures 


A  night  actuator  consisting  of  a  pulsc-drtvcn  piezoelectric  element  and  a  steel  ball  Is  a 
suggestive  iiicflinnlsiii.  even  If  It  would  not  be  denoted  as  a  smart  system.  A  2min  steel  ball 
ean  be  hit  up  to  20  mm  by  a  5  pm  displacement  Induced  In  a  multilayer  actuator  with  quick 
response.® 

A  smart  system  Is  typically  exemplified  by  a  precision  lathe  machine.  A  micro 
displacement  actuator  has  been  manufactured  using  an  electrostrlctlve  multilayer  actuator,  a 
magneto-resistive  strain  sensor  and  an  adaptive  control  circuitry.  The  feedback  control  has 
suppressed  the  position  deviation  of  the  cutting  edge  when  pushing  stress  Is  produced  during 
cutting  process.  The  culling  accuracy  In  less  than  ±0.01  pm  Is  now  available. 

A  very  smart  system  contains  a  reliability  lest  system,  which  can  slop  an  actuator 
sysiem  safely  without  causing  any  serious  damages  on  to  the  work.  e.g.  In  a  lather  machine. 
Acoustic  emission  measurement  of  a  plezo-aclualor  under  a  cyclic  electric  field  Is  a  good 
candidate  for  estimating  the  life  time  of  the  actuators.® 

Tlie  bright  future  of  plezoeleclrlc/elcctroslrlclivc  actuators  has  br  en  initiated  and  even 
greater  commercial  participation  In  their  continued  growth  and  appllcalion  Is  anticipated. 
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Dcatnidion  mechanbin  in  muIHlayer  oeramie  aduaton  Kas  been 
InvcsUgaied  under  cyclic  dedije  tielda.  Crack  propagation  haa  been 
obaerved  dynamical^  uaing  CCD  micraacopy,  and  the  accompanying 
characterialica  of  the  induced  displaceinent  and  acouadc  emiaaion  won 
meuuicd  aimultoneoualy.  The  pieaoeleetric  PMNii/j  Nb2/3)  O3  • 
PbTiOs  and  the  phaae-tranaiiion-rclaied  actuator  material 
(antilerroelectric)  PbZrOs  •  nSnQs  •  PbHOa  exhibit  a  remarkable 
dilfetence  in  the  dcatruction  manner  probably  due  to  the  attain 
induction  mechaniam.  The  effect  of  layer  thickncaa  on  die  dcatruction 
proccaa  haa  alao  been  atudM. 

Introduction 

In  thcac  aevcral  yeara  piezoelectric/eicctroatrictive  ceramic 
actuatora  have  become  very  popular  for  mforo-poaitioning  tai  optical 
and  ptedaion  machines  ficlda  and  active  vibration  auppreaaion  in 
mechanical  atructuraJ  The  expanding  number  of  appticationa  of 
ceramic  actuatora  haa  made  the  endurance  of  the  devkea  very 
important 

Thla  paper  deactibea  the  dcatruction  mechaniam  of  auiltilayer* 
type  ceramic  actuatora  obaerved  by  optical  afiicraacopy,  induced 
dhplacement  and  acouadc  emiaaion  meaaurecnenia.  and  ptopoaea  a 
aafcty  ayalem  which  can  atop  die  actuator  before  Ha  troubkaome  andden 
completo  coDapae.  j 

"****** 

Multilayer  modd  actuatora  were  prepared  by  tape  caadng 
method.  TTie  aamplea  cimulaiing  the  intcrdigital  electrode  • 
oonfig;nialfon  (Rg.  l(a)|  uaed  tat  tMa  etTcrimeid  have  oiily  one  imctnal 
ecteriak  layer  with  a  thickneac  of  100  lint  200  |im  or  300  iim,  aa  ahorm  in 
Hg.  KM. 

The  piezoelectric  PMNii/sNba/siOA  110.403  (PNND  and  die 
phaac>tranaition>relatcd  actuator  material  Pbo.t9Nbo.02 
l(Zro.7Snoj)o.9S5Tio.04Slo.M03  (PN2ST)  were  prepared,  and  the 
average  grain  aize  of  die  device  war  roughly  the  aame  (-5  pm), 
maependerd  of  the  compoaition  and  the  layer  tMckncaa.  ThePNZSTIa^ 
tadllally  antiierreelectrlc.  but  diangca  bdo  ferroelectric  under  an 
applied  electric  Held.^  Rather  iaotropic  expanaive  atraina  are 
aaaodatod  widi  diia  phaae  danaition,  and  die  mapiHude  of  the  atrabi 
(-U  X  10^  la  twice  higcr  than  that  of  the  piezoelectric  PNNT.  The 
longitudinally  and  tranaveraeiy  induced  atraina  tai  the  piezoelectiic 
PNNT  are  OS  X 10^  and  4)3  X  Id^,  reapeclivcly,  with  oppoaile  aign.’ 

Note  that  the  mnltilaycr  model  actuator  uaad  in  tMa  experiment 
exhibita  an  exaggeratedly  large  bMemal  atreaa  concendated  around  the 
electiode  edge  aoaa  to  accelerate  die  hBure  of  aauHilayer  actuatora. 

ngure  2  ahow  the  meecaring  ayatem  cempoeed  of  a  CCD 
mfcroacope  (ToaMba.  IK<40),  a  dbplaoement  aenaor  (Millldott,  Nr. 
1301)  and  an  acouadc  emfoafon  aenaorINPCIrcnit  Peiign  Block,  AB> 
SOB).  Theeamplewaadrivenbyadiaiigulerelecdlf  fleldof 

4kV/aunalO;tHz. 


EcaiUi 

Crack  Pro^  agation:  Clark  generation  and  propagation  reauldiy 
from  the  internal  adcaa  waa  obaerM  and  recorded  dynamically  uaii^  a 
CCD  mkroacope  and  a  VCR.  Rguiea  3(a)  and  3(b>  ahow  typical  crack 
propagation  proccaaca  obaerved  for  the  PNNT  and  PNZST  aamplea 
(200  pm  in  layer  diickncaa).  The  crack  inidalea  at  the  internal 
electrode  edge  in  the  PNNT  aamplc  and  propagatea  to  another 
electrode  obliquely,  alao  outward  of  the  electrode  and  along  the  j 
eeramic.metal  dcclrode  interface.  On  the  contrary,  the  crack  atarta ' 
between  the  pair  eleededea  aUghlly  inaide  the  electrode  edge  in  the 
PNZST,  then  propagatea  along  the  center  area,  finally  branchii^ 
around  die  eiecdode  edge.  It  ia  noteworthy  that  the  crack  opena  wide 
under  the  electric  field  and  doaea  at  zero  field. 

Thia  difference  ia  probably  due  to  the  diffarence  in  internal  atreaa 
diatrlbudon.  The  aign  of  the  longitudinally  •  or  tranaveraely-induced 
atrain  ia  oppoaite  in  the  piezodectrica,  while  in  andferroelecdica 
undergoing  a  phaae  change,  rather  iaotropic  expanaive  atraina  are 
induced  Hi  both  dbecdona.  Themfoic.  the  internal  adcaa  dUtribudon  bi 
andferroelecdiea  diSen  from  that  of  piezoelecdiea. 

Similar  crack  propagation  proccaaca  urere  obaerved  In  the 
different  feycr-thicfcncaa  aamplea,  however,  aignificant  differcncca 
were  recognized  hi  the  fiadutctou^uieae.  Rgurea  4(a)  and  4(b)  plot  the 
layer  diidaMea  dependence  of  the  critical  ddonnadon  cydea  required 
for  the  hdlial  crack  generation  and  of  the  crack  propagation  apead  per 
drive  cyde  (meaeuicd  hi  PNZST).  A  dramatic  Improvement  bi  the 
IfactHic  toughneae  b  obfoined  in  the  thinner  layer  aample,  even  thougli 
the  driving  electric  field  b  the  aame  of  all  aamplea.  The  reeaon  b  not 
char,  but  it  may  be  idaled  to  the  ratio  between  the  grain  tiae  and  the 
layer  Bildrneaa 

Diaplaeement  Oianyw  during  Failure:  The  deatmction  of  die 
device  brinp  a  change  in  the  induced  dbplaeemenL  Rgurca  S(a)  and 
5(b)  ahow  tte  varbHon  of  die  induced  dbplaoement  dioinc  the  ctA 
propagation  ptocem  for  die  Hwdei  ecluatota  of  PNISTT  and  PNZST, 
fcapeMveiy,  aridi  a  tayer  diickneea  of  200  |un.  The  dbplaoemenl  b 
enhanced  remarkably  at  the  Initia]  atage:  dib  can  probably  be 
attributed  to  the  bending  defarmadon  aatodated  with  the  crack 
opening  and  doting  proceta.  Rrrther  biaeaae  in  the  nuniber  of 
dcforzMtion  cydea  leada  to  a  decreaae  fai  the  magnitndc  of  the 
dbplicemeid.  The  effective  electric  field  in  the  ceramict  dcocaaea 
bccauac  the  narrow  ad  pp  b  ataodated  with  complete  crack 
formation. 

Vaitadmi  of  A«io«ttf  F-^t|bI1'  Aoouatic  cnniaaian  (AE)  evccib 
were  emmted  during  the  deeduetion  proccaa  of  the  mzST  aamplc  with 
a  layer  diickneea  of  200  mm  (Bg.<).  The  AE  count  inaeaaeaicinarkably 
after  the  crack  bdiiatiotw  macMng  a  madoMim  at  <0  cydea,  where  the 
crack  propagation  tpeed  b  maximum,  and  die  hrgeet  dbplacemciu  b 
obaerved.  Later,  the  AE  count  leveled  off  after  the  crack  waa 
comphtad. 


Rg.  6  Changes  in  acoustic  emission  count  during  the  fracture 

process  measured  In  a  model  actuator  of  m2Sr. 
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The  AE  count  change  was  also  monitored  for  a  KD-laycrs  sample 
of  PNNT  (10  X  10  X  20  mn?)  with  aging  time.*  An  acecieratcd  agiiy  test 
was  performed  by  a  rapid-heat  treatment  up  to  100^  in  a  second. 
Rgure  7  shows  that  the  AE  count  increases  by  three  orders  of  nwgnitude 
at  the  final  failure  of  the  device  in  comparison  with  the  virgin  state. 
The  monotonous  iitcrease  of  AE  may  be  attributed  to  successive 
accumulation  of  cracks  generated  tat  the  actuator  device. 

Summary  and  rWuMinM 

The  crack  generation  and  propagation  in  multilayer  ceramic 
actuators  teas  observed  dynamically  during  cyclical  dcctric  fields.  In; 
piesoelectrics,  the  crack  initiated  near  the  edge  of  Ike  Internal 
electrode  and  propagated  basically  in  three  directions:  two  cracks 
moved  toward  the  outside  electrostrictively  inactive  region  fomm^  an 
angle  of  100*  with  each  other,  while  the  third  moved  along  the 
ceramic-clecuode  Interface.  This  behavior  can  be  explained 
theoretically  based  on  fiidle  element  calculations.^ 

On  the  conlraiy,  in  anUferroelectrici,  foe  crack  begins  slightly 
inside  the  edge  of  foe  internal  electrode  and  propagates  aloi^  foe 
center  area  between  foe  pair  electrodes.  Later  crack  branches  are 
generated  around  foe  electrode  edge.  Theoretkal  cakulalions  are  now 
tai  progress. 

In  both  cates  foe  apparent  displacement  becomes  slfghlly  larger 
than  foal  of  foe  virgin  state,  and  foe  AE  count  increases  drastically 
atsodaied  with  foe  crack  propagation. 

Flruilly  we  propose  a  very  smart  actuator  system  containiry  a 
safety  feedback  function  (Rg.  8).  which  can  stop  an  actuator  drive 
safely  without  causing  any  serious  damages  on  to  foe  work.  eg.  fai  a 
preeWon  lathe  machine.  Ihe  AE  might  be  one  of  good  predietars  for 
actuator  failure.  A  certain  level  of  foe  AE  cotmt  will  taidicale  a  ttaidrg 
to  replaoe  the  oerandc  adoator. 
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Hg.  8  Very  smart  actuator  system  with  a  lelUbility  test  functien  | 
as  wen  as  position  sensor. 
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Basic  characteristics  of  shape  memory  unimorphs  have  been  measured  in  detail, 
and  a  new  latching  relay  has  been  fabricated  using  the  shape  memory  unimorph. 
This  new  relay  has  a  very  simple  structure  with  compact  size  and  light  weight,  as 
compared  with  the  conventional  electromagnetic  type.  The  relay  is  turned  ON  at 
350  V  and  turned  OFF  at  —SO  V  with  a  short-pulse  electric  field.  The  response  time 
is  about  13  ms  under  an  input  electric  energy  of  7  mJ.  The  relay  can  be  kept  in  an 
ON  state  for  more  than  a  day  without  applying  any  electric  field. 


1.  Introduction 

The  shape  memory  effect  is  not  only  characteristic  of  certain  metal  alloys,  but  is 
also  observed  in  ceramics.  lugure  1  shows  the  transverse  strains  induced  in  the 
ceramic  plates  of  Pba.«»NboA|(Zro4Sn«L4)i-/Ti,l«.«Oi  (PNZST)  under  an  applied 
electric  field.^'**’  These  strain  curves  can  be  classified  into  three  patterns  with  chang¬ 
ing  Ti  mole  fraction. 

The  ceramic  of  Type  I  (>  =  0.060)  is  originally  antiferroelectric,  but  can  be 
changed  to  ferroelectric  by  applying  an  electric  field,  and  large  strains  are  generated 
during  the  phase  transition.  It  is  worth  noting  that  the  magnitude  of  strain  is  three 
to  four  times  as  large  as  that  of  the  conventional  piezoelectrics.  When  the  electric 
field  is  decreased,  the  phase  of  the  ceramic  is  changed  back  to  the  initial  antifer¬ 
roelectric  and  the  strain  recoven.  The  square-type  hysteresis  of  the  strain  curve  is  ^ 
pUcable  to  digital  displacement  transducen. 
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Type  I 


TypeD 


Type! 


Fig.  I .  Tnmsveriely  induced  strains  in  the  Pb(.«*NNL«((ZTMSn(.<)i .  ^Ti,]«.HO|  ceramics  at  room  tem¬ 
perature:  (a)  y  **  0.06,  (b)  /  *=  0.063.  (c)  /  *=  0.06S. 


In  the  case  of  Type  11  {y  =  0.063),  once  the  ceramic  changes  from  antiferroelec- 
trie  to  ferroelectric,  the  phase  is  maintained  even  when  the  electric  field  goes  down 
to  zero,  and  the  deformation  is  memorized.  To  obtain  the  initial  antiferroelectric 
state,  a  small  reverse  bias  field  should  be  applied  to  the  sample. 

On  the  contrary,  the  ceramic  of  Type  III  (y  -  0.065)  cannot  recover  the  antifer¬ 
roelectric  state  during  the  electric  field  cyde  after  the  ferroelectric  phase  is  induced. 
Thermal  annealing  up  to  S0*C  is  required  to  recover  the  initial  state. 

The  strain  characteristics  of  Type  II  and  Type  III  are  denoted  as  the  shape 
memory  effect.  In  partinilar,  since  the  PN2ST  of  Type  II  can  be  controlled  easily  by 
applying  electric  field,  it  is  the  most  useful  from  a  practical  point  of  view.  This  kind 
of  shape  memory  ceramic  requires  only  a  pulse  electric  field  to  obtain  a  permanent 
displacement,  leading  to  electric  energy  savings  as  compared  with  conventional 
piezoelectrics,  which  require  continuous  application  of  field. 
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A  latching  relay,  which  will  not  change  its  original  ON  or  OFF  state  without  an 
intentional  electric  signal  even  when  an  accidental  electricity  shutdown  occurs,  is 
one  of  the  bert  application  candidates  of  the  shape  memory  devices. 

This  paper  describes  trial  manufacturing  of  a  latching  relay  using  shape  memory 
ceramics,  following  basic  characteristics  of  a  shape  memory  unimorph  as  the  drive 
source  of  the  relay. 


2.  Sample  Preparation  and  Experiments 

The  PNZST  family  ceramics  of  Pbo.*»NboiiiI(Zro.»Sno.«)i -,TI,Jo,«Oj  were 
prepared  by  the  conventional  sintering  process.  After  mixing  and  drying  the 
reagent-grade  PbO,  NbiOs,  ZrOi,  SnOi  and  TiOi  raw  materials,  the  powders  were 
calcined  at  8S0°C  for  10  h  and  sintered  at  I270"C  for  2  h.  The  samples  of  10  mm 
diameter  and  0.2  mm  thickness  were  used  for  basic  strain  measurements  after  being 
silver-electroded.  The  samples  of  22  mm  x  7  mm  area  and  0.2  mm  thickness  were 
used  for  fabricating  unimorphs.  Figure  2  shows  the  structure  of  the  unimorph, 
which  is  composed  of  two  ceramic  plates,  A  and  B.  bonded  together  with  adhesive. 
Plate  A  is  coated  with  silver  electrize.  When  an  electric  field  is  applied  to  plate  A, 


Fig.  2.  Structure  of  a  unimorph  device. 
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the  expansive  strain  is  induced  only  in  plate  A,  not  in  plate  B;  then  finally  the 
unimorph  generates  bending  motion. 

For  measuring  induced  strains  in  single-plate  samples,  a  contact-type  strain 
sensor  (Millitron,  No.  1202)  was  used.  For  the  tip  displacement  of  the  unimorph,  d 
in  Fig.  2,  and  load  characteristics  in  the  induced  displacement,  a  noncontact-type 
displacement  sensor  (Kaman,  KD-2300)  was  used. 

3.  Results 

3.1  Characteristics  of  the  shape  memory  unimorph 

Figure  3  shows  induced  strains  of  the  single-plate-type  samples  of 
Pbo.MNbo.oi((Zro.tSno4)t-,Tiy]o.MO)  (>-  =  0.0625  -  0.0645).  Some  results  have 
been  reported  in  ref.  4.  The  PNZST  in  the  above  composition  range  exhibits  the 
shape  memory  effect.  Figure  4  shows  the  tip  displacements  of  the  unimorph.  It  is 


o)  y:0.062S 


d)  y:0.0640 


b)  y:0.0630 


c)  y:  0.0645 


c)  y:0.063S 


Fig.  3.  S(riin-vs-fiehl  characteristia  in  Ibe  tingle-plate-type  amples  of  PNZST  for  various  Ti  mole 
fractions. 
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a)  ysO.0625 


d)  y:0;0640 


b)  y>a0630 


«)  ysO.0645 


c)  y« 0.0635 

Fig.  4.  DispiacemeiK'Vf-ScId  characteristiaof  the  uiUmorphsof  PNZST  for  various  Ti  mole  fraciiou. 


noteworthy  that  the  sample  with  y  =  0.062S.  exhibiting  the  shape  memory  effect  in 
the  single  plate,  does  not  exhibit  the  shape  memory  characteristic  in  the  unimorph 
design.  Rgure  5  shows  the  time  dependence  of  the  tip  displacement  of  the  uni* 
morphs  {y  —  0.062S  and  y  *  0.0630).  The  recovery  in  the>  =  0.062S  sample  to  the 
antiferroelectric  phase  is  probably  attributable  to  compressive  stress  generated 
during  the  bending  process. 

Figure  6  shows  the  temperature  dependence  of  the  unimorph  bending  measured 
in  >  B  0.0630.  At  0*C,  once  the  ferroelectric  phase  is  induced,  the  ceramic  will  not 
recover  antiferroelectricity  under  applied  reverse  bias  electric  field.  On  the  other 
band,  at  40*C  the  electric  field  required  to  cause  the  phase  transition  becomes  great 
and  the  unimorph  loses  the  shape  memory  effect.  To  realize  a  complete  shape 
memory  phenomenon,  the  temperature  should  be  controlled  between  10"C  to  30*C 
for  this  composition.  A  similar  characteristic  change  is  also  observed  when  the  Ti 
mole  fraction  is  changed  from  y  ^  0.060  ioy^  0.06S. 

Hgure  7  shows  the  dynamical  response  of  the  unimorph  {y  =  0.0630).  In  the 
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Fif.  3.  Time  dependence  of  the  tip  displacement  change  in  the  unimorphs. 


case  of  the  conventional  piezoelectric,  a  continuous  application  of  the  electric  field 
is  required  to  maintain  a  constant  displacement;  meanwhile,  the  shape  memory 
ceramic  can  be  driven  by  a  pulse  electric  field.  When  the  unimorph  is  driven  by  a 
triangular  pulse  with  a  rise  time  of  3.0  ms  (Fig.  7(a)).  overshoots  and  ringing  of  the 
tip  displacement  are  observed.  It  is  important  to  note  that  the  phase  transition  arises 
quickly  enough  to  generate  the  following  resonant  vibration.  When  the  rise  time  of 
the  elearic  field  is  adjusted  to  4.7  ms  (Fig.  7(b)).  which  is  the  sum  of  the  mechanical 
resonant  period  (2.2  ms)  and  the  lag  time,  to  cause  phase  transition  (2.5  ms),  the 
ringing  can  be  suppressed  completely.  Too  slow  a  rise  time  of  6.0  ms  (Fig.  7(c)) 
again  causes  the  ringing  vibrations.  Overshoots  and  ringing  of  the  unimorph  ele¬ 
ment  would  cause  chattering  in  the  latching  relay  and  the  response  would  become 
very  slow.  Therefore,  an  electric  field  with  the  rise  time  corresponding  to  the 
mechanical  resonant  period  is  required. 

To  operate  the  mechanical  snap-action  switch  element,  at  least  20  gf  of  the 
generative  force  is  necessary  for  the  unimorph  as  well  as  50 /rm  of  the  displacement. 
The  relationship  between  the  tip  displacement  and  the  load  for  the  unimorph  was 
measured  using  metal  weights  applied  to  the  tip  position  (Fig.  8).  Generative  force 
of  more  than  50  gf  can  be  practically  induced  toth  at  the  maximum  and  zero  field. 
The  magnitude  of  the  maximum  generative  force  of  the  shape  memory  unimorph, 
which  is  estimated  from  the  intercept  on  the  horizontal  axis,  is  about  90  gf,  which  is 
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Fif.  6.  Temperature  dependence  of  the  tip  displacement  in  the  unimorph  with  y  -  0.063. 


twice  as  large  as  that  of  the  conventional  piezoelectric  bimorph.  This  is  probably 
due  to  the  strain  bias  caused  by  the  spontaneous  strain  change  from  the  antifer- 
roelectric  to  »he  ferroelectric  phase. 

3.2  Characteristics  of  the  latching  relay 

We  have  fabricated  a  new  latching  relay  using  the  shape  memory  unimorph. 
figure  9  shows  the  structure  of  the  latching  relay,  which  is  composed  essentially  of  a 
mechanical  snap-action  switch  and  a  driving  unimorph  device.  The  snap-action 
switch  is  easily  driven  by  a  50  fun  displacement,  having  mechanically  bistable  states. 
The  size  of  the  relay  is  very  compact,  20  x  10  x  lO  mm*,  as  compared  to  a  conven¬ 
tional  electromagnetic  type  (20  x  26  x  34  mm*).  Figure  10  shows  the  basic 
ON/OFF  funaion  of  the  new  relay.  The  relay  is  turned  ON  at  about  350  V  and 
turned  OFF  at  —50  V.  The  voltage  required  for  switching  can  be  lowered  by  using 
multimorph  structures.  Dynamical  response  of  the  newly  developed  latching  relay  is 
shown  in  Fig.  1 1(a).  The  response  of  the  conventional  electromagnetic  latching 
relay  is  also  shown  in  Fig.  1 1(b)  for  comparison  with  the  new  relay.  A  pulse  electric 
field  with  the  mechanical  resonant  period  of  the  shape  memory  unimorph  is  applied 
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Fi$.  7.  Dynunical  response  of  the  lip  displacement  of  the  shape  memory  unimorph  with  y  >  0.0S3 
under  various  drive  pulse  conditions. 


SO  as  to  suppress  the  ringing  at  the  tip  of  the  unimorph.  Clattering  was  still  ob¬ 
served,  probably  due  to  an  additional  mechanical  soft  leaf  spring  at  the  snap-action 
switdi.  The  rise  time  of  the  new  relay  is  1.8  ms,  which  is  much  shorter  than  that  of 
the  electromagnetic  relay  (8.S.ms),  although  the  fomtw  needs  13  ms  to  stabilize  the 
ON  state,  which  is  slightly  longer  than  the  9  ms  of  the  latter  relay;  this  suggests  a 
potential  capability  of  much  faster  response  if  the  whole  mechanical  setup  were  ad¬ 
justed  to  optimize  conditions.  The  newly  developed  latching  relay  can  be  kept  in  the 
ON  state  for  more  than  a  day  without  applying  any  electric  power.  The  drive  power 
required  to  turn  it  ON  is  about  7  inJ.  This  energy  requirement  can  be  reduced  by  col¬ 
lecting  electric  energy  in  the  discharging  process.  A  camera  strobe  makes  a  suitable 
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Fig.  8.  Tip  dispUcerocnt  of  the  shape  memory  unimorph  (y  0.063)  as  a  function  of  the  external 
load. 
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Fig.  9.  Structure  of  the  latching  relay  using  the  shape  memory  ceramic. 


high-voltage  supply  for  driving  the  relay,  because  the  relay  can  be  switched  only  by 
a  short-pulse  field  of  several  ms. 


4.  Conclusloiis 

a)  Shape  memory  ceramic  unimorphs  have  been  fabricated  as  actuator  elements. 
The  unimorph  shape  memory  effect  can  be  observed  at  room  temperature 
for  the  samples  with  Ti  mole  fraction  y  —  0.0630  to  ■=  0.0645  in  the 
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Fif.  10.  Basic  ON/OFF  function  of  the  latching  relay  using  the  shape  memory  ceramic. 
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Fig.  11.  Dynamical  respooee  of  the  htdtlngrdayai  (a)  shape  memory  ceramic  type,  (b)eleciionMignctic 
cofl  type. 


Pb*j»NbeaiI(ZreiaSna.4)i  -/Tl/JasiOi  family. 

b)  Mechanical  vibration  overshoots  and  rinsings  at  the  tip  of  the  unimorph  can  be 
completely  suppressed  by  applying  an  electric  field  with  rise  time  equal  to  the  sum  of 
the  mechanical  resonant  period  and  the  lag  time  to  cause  the  phase  transition. 
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c)  A  compact,  lightweight  latching  relay  using  a  shape  memory  ceramic  {y  = 
0.063)  has  been  fabricated  and  found  to  have  a  quick  response  compared  with  the 
conventional  electromagnetic  type.  The  relay  is  driven  simply  by  applying  pulse  elec¬ 
tric  field,  and  is  maintained  in  the  ON  state  without  application  of  any  electric  field; 
this  reduces  the  electric  power  requirement  significantly. 
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ABSIRMCT:In  these  several  years  piezoelectric  and  electro-strictive  actuators 
have  beocme  very  popular  for  micro-positioning  in  optical  and  precisian 
ma^inery  fields.  Aiming  at  wide  oonmercializatian  of  these  etctuators,  mariy 
investigations  have  been  made  in  the  inqprovement  of  ceramic  materials  for 
actuators,  designs  of  the  devices  and  control  and  systemization  of  the 
actuators.  This  paper  reviews  recent  applications  of  piezoelectric/ 
electrostrictive  ceramics  from  a  viev^int  "smart"  actuators  2tf)d  systems. 


l.lNlItODUCTION 

"Sknartness"  in  the  tKunds  of  "anart"  materials  and  structures  is  defined  by 
three  functions  of  "sensing,"  "actuating,"  and  "active  control"  of  aivircninental 
conditions  vrith  some  intelligence.  Dental  braces  made  zom  shape  menory  alloys  and 
electrochromic  grass  windows  are  often  cited  in  the  literatures  as  smart 
materials.  This  paper  reviews  recent  applications  of  piezoelectric/ 
electrostrictive  and  their  related  ceramics  from  a  viev^point  of  "smart"  actuators 
and  systems.^ 


2.  ACnnXCR  MKIERIALS 

A  passively  smart  materials  is  exen^ified  by  the  lead  magnesivn  niobate 
(PMN)  based  ceramic,  which  can  exhibit  a  large  electrostriction  (dl/lMO"^) 
witnout  any  hysteresis  and  aging  effect  during  an  electric  field  cycle  (Pig.  1).^ 
A  composite  actuator  structure  called  "moonie"  has  been  developed  to  amplify  the 
small  displacement  induced  in  a  multilayer  piezoelectric  device  (Pig.  2).  Passive 
danper  application  is  another  smart  usage  of  piezoelectrics,  tiAiere  mechanical 
noise  vibration  is  radically  suppressed  by  the  converted  electric  energy 
dissipation  through  Joule  heat  %Aien  a  suitable  resistance  is  connected  to  the 
piezoelectric  plate. ^  Piezoelectric:  carbon  black:  polymer  composites  are 
promising  useful  designs  for  practical  use. 


Electric  Field (kV/cni)  Electric  FieldCkV/cm) 

Figure  1  Electric  field  induced  strain  in  a  piezoelectric  1^  lanthanm 
zirconate  titanate  (PLZT)  (a)i  and  in  an  electrostrictive  lead 
magnesium  nicbate(BM}  based  ceramic  (b). 
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An  actively  smart  material  is  exemplified  by  the  video  tape  head  positioner 
made  frcm  a  lead  zirconate  titanate  (PZT)  bimorph  with  sensor  and  actuator-divided 
electrodes . ^ 

Moncxnorphs  and  shape  memory  ceramics  belong  to  very  snart  naterials.  A 
monomorph  device  made  of  a  semiconduct ive  piezoelectric  plate  generates  the 
Schottky  harrier  when  metal  electrodes  are  coated  on  the  faceS/  providing  non- 
uniform  distribution  of  the  electric  field  even  in  a  canpositionally  uniform 
ceramic  (Fig.  3).  A  superimposed  effect  of  piezo-electricity  and  semiconductivity 
leads  to  a  bending  defonution  in  a  total  ceramic  plate. ^  The  strains  associated 
with  phase  transitions  such  as  an  antiferroelectric-to-ferroelectric  transition  in 
lead  zirconate  stanate-based  ceramics  reach  up  to  0.4%,  which  is  much  larger  than 
that  expected  in  electrostrictors  (Fig.  4).  Moreover,  this  field-induced 
transition  exhibits  a  shape  memory  effect  in  appropriate  compositions,  and  such 
ceramics  are  useful  for  the  applications  to  latching  relay  and  a  mechanical 
clanper.® 


(5nnxSiinx2iin) 


Figure  2  Structure  of  a  composite 
actuator  "noonie." 
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Figure  3  Electiccn  energy  band  (Scdiottky 
barrier)  models  in  monomorph 
devices  (n-type  semiconductor). 
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A  photostrictive  actuator  is  the  best  example  of  intelligent  materials 
including  sensing,  actuating  and  drive/control  functions  in  a  unique  material. 
In  certain  ferroelectrics  a  phencmenon  by  uhic^  a  constant  electromotive  force  is 
generated  with  exposure  of  light  has  been  observed.  A  photostrictive  effect  is 
expected  as  a  result  of  the  coupling  of  the  photovoltaic  and  inverse  piezoelectric 
effects.  A  remote  control  miniature  walking  robot,  which  is  activated  with 
illumination,  is  currently  being  fabricated  (Fig.  5).  TVo  photostrictive  PLOT 
bimorphs  were  combined  together  and  each  plate  exhibits  a  minute  photo-induced 
displacement  on  the  order  of  ISC^im.  Alternative  illumination  causes  a  slow  moving 
of  the  ceramic  device. 


3.  ACTUATOR  SYSISIS 

Pulse  voltage  drive  of  piezoelectric  actuators  is  only  one-way  control 
without  a  feedback  system,  but  very  important  for  improving  the  response  of 
ceramic  actuators.®  Figure  6  shows  transient  vibrations  of  a  bimorph  excited 
after  a  pseudo-step  voltage  applied.  The  rise  time  is  varied  around  the  rescxiant 
period.  It  is  ccxicluded  that  overshoot  or  ringing  of  the  tip  displacement  is 
completely  suppressed  when  the  rise  time  is  precisely  adjusted  to  the  resonance 
period  of  the  piezo-device. 

A  flight  actuator  oonsisting  of  a  pulse-driven  piezoelectric  element  and  a 
steel  ball  is  a  very  suggestive  mechanism,  even  if  it  would  not  be  denoted  as  a 
smart  system.  A  2mm  steel  ball  can  be  hit  up  to  20mm  by  a  5pm  displacement 
induced  in  a  multilayer  actuator  with  guide  response. 


Magneto-resistive 
Strain  Sensor 


I 

« 


Figure  7  Micro  displacement  actuator 
vdth  a  magneto  -  resistive 
strain  sensor. 


Figure  6  Transient  vibration  of  a 

bimorph  excited  after  a 
pseudo  -  step  voltage 
applied,  n  is  a  time 
scale  in  the  init  of  a 
half  of  the  resonance 
period. 
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Position  Sensor 


Figure  8  Very  snart  actuator  system  vdth  a  reliability  test  function  as  well  as 
a  position  sensor. 


A  smart  system  is  typically  exenqplified  by  a  precision  lathe  maciiine.  A 
micro  displacement  actuator  has  been  manufactured  using  an  electrostrictive 
nultilayer  actuator,  a  magneto-resistive  strain  sensor  and  an  adaptive  control 
circuitry  (Fig.  7).  Ihe  feedback  control  has  suppressed  the  position  deviation  of 
the  cutting  edge  when  pushing  stress  is  produced  during  cutting  process.  The 
cutting  accuracy  in  less  than  iO.Olpm  is  now  available. 

A  very  smart  system  contains  a  reliability  test  system,  iduch  can  stop  an 
actuator  system  safely  without  causing  wiy  serious  damages  on  to  the  work,  e.g.  in 
a  lather  machine.  Acoustic  emissicxt  measurement  of  a  piezo-actuator  under  a 
cyclic  elTCtric  field  is  a  gcxsd  candidate  for  estimating  the  life  time  of  the 
actuators.^ 

4.  OQNCIJaSlXM 

The  bright  future  of  piezoelectric/electrostrictive  actuators  has  been 
initiated  and  even  greater  commercial  participaticsn  in  their  continued  growth  and 
application  is  anticipated. 
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Abstract:  In  many  ferroelectric  materials,  the  piezoelectricity 
can  be  induced  by  an  applied  electric  field  and  the  material  will 
return  to  piezoelectric  inacuve  state  when  the  field  is  reduced  to 
zero.  Ba^  on  thetmodynamic  theory,  the  effect  of  temperature 
and  applied  electric  field  on  the  electromechanical  response  is 
analyzed  for  materials  with  a  first  order  and  continuous 
ferroelectric-paraelectric  phase  transitions.  It  is  concluded  that 
near  the  critical  point  of  a  first  transition,  a  giant  piezoelectric 
constant  and  a  high  electromechanical  coupling  factor  can  be 
achiev^.  Experimental  results  on  a  series  of  (BaSr)Ti03 
samples  show  that  an  exceptionally  high  induced  piezoelectric 
constant  can  be  obtained  for  the  material  with  a  first  order 
transition. 


I.  Introduction 

In  many  transducer  applicadoos.  it  is  highly  desirable  to 
have  materials  with  a  high  piezoelectric  constant,  dielectric 
constant  and  electromedianicai  coupling  factor  as  well  as  that 
these  material  properties  can  be  tuned  by  electric  and 
mechanical  fields.  Among  the  various  avenues  to  achieve  these 
features,  the  one  which  operates  the  materials  near  a  phase 
transition  point  shows  great  promise  and  has  received  increased 
attention  recently.  In  general,  there  are  four  types  of  pbaw 
transitions  one  can  make  use  of:  the  pmaelectiic-ferroelectnc 
transition  in  regular  ferroelectric  material,  the  diffused  phay 
transition  in  relaxor  material,  the  aniifenoelectric-fenuelectnc 
transition,  and  the  ferroelectric-ferroelectric  transition.^  In 
this  paper,  the  results  of  a  recent  theoretical  and  expen  mental 
investigation  on  the  electromechuiical  behavior  of  a 
ferroelecttic  material  near  the  feiroelecttic-pataelecttic  transibon 
will  be  presented.  The  emphasis  here  will  be  plared  on  how 
the  induced  mtterial  peoples  are  tuned  by  the  bias  electric 
field  and  affected  by  ten^iemture.  and  what  the  conditions  are 
to  achieve  a  high  piezoelecttic  response  in  a  raaCmial. 


11.  Theoretical  tremment  on  the  elreiroriiechnnirsl  behavior  near 
tbepaiadectric-ferroelecttictraiiaitioo 

In  the  paraelectric  phase,  the  spontaneous  polarization  of  a 
ferroelectric  material  is  aero  and  there  is  no  piezMle^aGtinty 

in  the  material.  However.  Iw  anpiying  a  DC  bias  Add  <m  tte 
material,  a  polwization  can  be  uMbmed  and  material  will 
exhibit  non-zero  piezoelectric  constant  As  will  be  analyzed  in 
the  following,  how  a  material  behaves  in  induced  date^l 

critically  depi^  on  the  orderofthe  transition.  As  schrmstirelly 

drawn  in  figure  1(a).  for  a  continuous  oansitioa,  as  one  tarns 

on  external  electric  fields,  the  transition  is  smeared  om  and  as  a 

result  the  material  are  reduced  from  their  CKtreme 

values.  On  the  other  hand,  for  a  firat  order  phase  transition,  tte 
effect  of  an  external  field  is  to  narrow  the  width  of  the 


Rgure  1.  Polarization  as  a  function  of  tempenture  with  and 
without  bias  field  E*  (a)  aear  a  continuous  transition:  (b)  near  a 
fint  order  transition. 


coexistence  region  and  to  induce  s  critical  state,  as 
schematically  drawn  in  figure  1(b),  which  will  yield  a  high 
piezoelectric  constant  and  electromechanical  coining  factor, 
llieae  features  can  be  quantitatively  analyzed  using  Landau- 
Denvonshire  theory.^  For  simplicity,  only  the  cubic  to 
tetragonal  transition  will  be  considered  here.  However,  the 
results  obtained  are  gew^  and  applicable  to  more  complicaied 


systems. 

I  Hug  the  convention  in  the  literature,  the  free  energy 
the  system  near  the  transition  has  the  form 

G  a(  1/2)  a  Pi+(  1/4)  P  P^+  ( 1/6)  y  P<-Qi  1T3P2 


Gof 


-Ql2CTl+T2)P2-(l/2)i^j(Ti+T2+T3)  (1) 

where  P  is  the  polarization.  Tj  is  me  mechanical  stress  tensor 
component,  asao(t-to).  t  is  temperature,  oo.  p.  Y 
constants,  (^i  is  the  eleciroatrictive  consttat.  and  snP  is  the 
elastic  compuaiice  under  constant  electric  displacemeiU.  For 
most  materials.  Qii  and  snP  are  nearly  independent  of 
temperature  and  el^c  field.  In  eq.  (1).  the  free  energy  for 
IM)  state  is  taken  as  zero.  The  difference  between  a  first  order 
transiiion  and  a  continuous  iraasitioo  is  reflected  by  the  sign  of 
P  in  eq.  (1).  For  a  first  order  transition.  P<0  and  for  a 

continuous  transition.  p>0  and  the  transition  occurs  at  tst(v 

Fremeq.  (1),  the  bask  equations  which  describe  the  response 

behavior  of  a  material  in  the  transition  region  can  be  den  ved. 
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To  avoid  confusion,  the  mechanical  stress  effect  will  not  be 
considered  here  and  hence  T|  is  set  to  sero  in  these  equations. 
Eq.  (2)  relates  the  poiahzation  to  the  bias  electric  Held  and 
temperature,  and  it  is  solved  numerically. 

For  a  continuous  transition,  without  electric  bias  fields,  at  t 
<‘o. 
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P  2ao(to-t)  Vpoodo-t) 

Above  to.  both  P  and  d33  become  zero,  in  figure  2.  the  material 
properties  as  a  function  of  temperature  under  a  fixed  DC  bias 
field  and  as  a  function  of  DC  bias  electric  field  at  several 
temperatures  are  plotted.  The  parameters  used  are: 


00=6.66*  105.  p=  9.48*10“.  y=3.94*10'0  aiidQii=0.1  (all  in 
MKS  units).  The  choice  of  these  parameters  is  to  provide  a 
comparison  with  the  response  behavior  of  a  first  order 
transition  later  where  the  parameters  for  BaTi03  single  crystal 
are  used.  Clearly,  the  DC  bias  field  eliminates  the  critical 
behavior  and  reduces  the  dielectric  constant  subsuntially .  As  a 
result,  the  material  does  not  exhibit  a  large  piezoelectric 
constant  and  electromechanical  coupling  factor  in  the  induced 
piezoelectiic  state. 

In  contrast  to  the  continuous  tnnsitioo.  for  a  material  with  a 
first  order  transition,  these  material  constants  will  have  a 
substantial  increase  as  a  DC  electric  bias  field  is  applied. 
Without  electric  field,  a  first  order  transition  will  occur  at 

3  8^ 

t,^  to  -  .  With  a  DC  bias  field,  a  critical  regiao  will  be 

iQOoY 
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induced  with  the  critical  field  Ec=  and  Pc= the 
polarization  at  the  critical  field.  The  critical  tempentiue  is  at 
9p* 

tc=lo'*ss - •  Near  the  critical  point. 


k33-*l.«  — ltV'.*IK><b3— PelHcl-*  (8) 

In  figure  3,  the  dependence  of  the  dielectric  constant, 
piezodectric  constant,  and  dectromechanical  coupling  factor  on 
the  bias  dectric  field  and  temperature  for  a  fim  Older  transition 
materid  is  presented.  The  parameleis  used  here  are  those  for 

BaTiOj  single  crystal;  a(p6.66«10S.  p«.9.48«l()V. 

Y=3.94*10>0.  Qi  1=0.1.  dl  in  MKS  imia.  and  tipl  10<>C.“ 

Fi|Ufes  2  and  3  demonstrate  the  drastied  difTereiioe  in  the 
matend  propetdes  near  the  transition  region  between  a  first 
Older  sod  a  continuous  transition: 

(1)  For  a  cootinuotts  transition,  the  peak  dielectric  constant 
deerrases  moootoniediy  as  the  DC  bias  field  increases,  while 
for  a  first  order  transition,  it  will  increase  uadi  reaches  the 
crided  field  Ec-  Afferwords,  the  peak  vdae  decresari  when  the 
bias  field  level  is  further  increased.  From  the  expresdon 

above,  a  strong  first  order  tranddon  (a  large  P)  will  yield  a 
higher  Ec>  Hus  feature  may  be  useful  for  electric  energy 
storage  applicadon,  where  a  high  electric  field  and  large 
dielectric  constant  are  needed. 

(2)  Near  the  crilicd  point  of  a  first  order  tranddon,  the 
electromechanicd  coupling  factor  can  approach  one  which 
means  a  100  %  energy  conversion  between  the  electric  and 
mechaaied  fornu.  Aldioagh  in  redity,  due  to  the  loss  and 
materid  imperfections,  the  electromechanicd  coupling  factor 
may  be  smaller  than  one.  it  will  still  be  substantially  lar^  near 
the  critied  ngioo  than  those  in  the  other  regions. 

(3)  A  large  piendectric  responae  can  be  achieved  near  and 
at  ttecrided  point  of  a  fust  ordCT  tranddon.  For  a  coodnuous 
tranddon.  the  piezoelectric  constant  also  diows  a  divergence  as 
the  temperature  approaches  the  tranddon  point  However,  the 


HgnraZ  Roan  the  lop  to  the  bottom:  the  dielectric  constant, 
the  piezodeetric  constant  the  elastic  compliance,  and  the 
eleftirimai'hiiicd  coupling  factor  near  a  oondauous  tranddon 
me  function  of  Kmpentnre  with  different  bias  fiddE:  and  the 
piezoeioctik  oonatant  m  a  fnacdon  of  bias  Add  E  d  different 
temperdare  (the  labels  for  the  carves  me  t-to)-  All  the  curves 
are  calcnlamd  udag  equations  (2)  to  (6)  for  a  continuous 
tranddon. 

aaomdy  is  much  weaker  than  that  for  a  first  order  tranddon 
near  the  critied  point  that  is  (t-to)*>'^  vs.  (t-tc)  '.  In  real 
materid,  a  tranddon  is  dways  smeared  out  over  a  finite 
temperature  and  fidd  range  due  to  various  imperfections.  On 


Figure  3.  From  the  top  to  (ke  bottom:  dm  dielectric  cooitint, 
the  piezoelectric  coostant.  and  the  electromechanical  coupling 
factor  as  a  function  of  temperatnre  for  a  material  with  a  first 
order  transition  under  different  bias  field;  and  the  induced 
piezoelectric  constant  as  a  function  of  bias  field  for  dUferent 
temperature,  where  tc  is  the  critical  temperature.  All  the  curves 
are  calculated  usinpeqs.  (2)  to  (6)  and  parameten  used  are 
those  for  BaTiOj  single  crystal. 

the  average,  a  first  order  transition  will  yield  a  much  larper 
piezoelectric  response.  The  stronger  this  first  order  transition 
is.  the  larger  the  piezodectric  response  near  the  critical 
will  be.  The  penality  for  having  a  stronger  first  order  transition 
is  that  the  critical  fiddEc  will  recalate  since  it  is  proportional  to 

Although  for  a  continuous  transition,  an  anomaly  in  the 
piezoelectric  constant  will  occur  near  the  transition  when  there 
is  no  DC  bias  fields,  the  pi^zation  of  the  material  is  not  stable 
against  the  thermal  depoling  effect  as  the  material  is  near  the 
transition  point.  As  a  result,  the  piezoelectric  response  near  a 
continuous  transition  is  not  stable.  In  addition,  there  is  no 
increase  in  the  electromechanical  coupling  factor  near  a 
continuous  transition. 


In  practical  applications,  the  materials  used  are  often  in  the 
ceramic  form.  Hence,  at  a  consum  applied  entemal  Held,  the 
eiectnc  field  in  each  gram  is  not  the  same,  which  will  smear  out 
ne  critical  point  and  reduce  the  maximum  value  of  the 
achievable  piezoelectric  consunts.  From  the  practical  point  of 
View,  this  may  not  be  detnmenul  A  broad  phase  transition 
region  mems  a  broad  operation  temperature  and/or  field  ranee 
Which  IS  often  required  for  practical  applications 


111  Experimental  results 

In  searching  for  materials  with  a  high  piezoelectric 
response,  the  properties  of  a  series  of  (Bai.^Sr.lTiCh  (BST) 
ceramic  specimens  at  x=0.35.  which  have  the  transition  near 
rooin  temperature,  with  different  dopants  and  processing 
conditions  were  evaluated.  The  experimental  details  and  a 
detailed  account  of  the  results  will  be  presented  in  a  later 
publication.  Since  the  saturated  polarization  and  the 
electrosthctive  coefficient  are  almost  the  same  for  all  these 
***11  u  *■  ****  magnitude  of  the  induced  piezoelectric  response 
will  ^  determined  by  the  order  of  the  transition  in  these 
samples.  From  the  bias  field  dependence  of  the  dielectric 
response  the  order  of  the  transiton  in  these  specimens  were 
Identified.  Both  the  dielectric  behaviors  typical  for  a  first  order 
transition  and  for  a  continuous  transition  were  observed  in 
these  specimens.  In  figure  4.  the  dielectric  constant  as  a 
function  of  temperature  under  different  bias  field  for  one 
specimen  is  shown  and  clearly,  it  is  the  behavior  for  a  first 
order  transition.  The  temperature  difference  tc-ttr  is  I .  I  “C 
which  indicates  a  weakly  first  order  transition  (tc-ttr  for  BaTiOj 


staowu  in  the  figure  ia  kV/cm. 


is  about  9  °C)  and  EcsI,9S  kV/cm.  The  maximun  induced 
piezoelectric  constant  d33  for  this  material  is  1.600  pC/N. 
which  is  far  above  any  piezoelectric  constant  of  the  materials 
currently  in  use  and  reported.  For  the  samples  showing  a 
continuous  transition  behavior,  the  induced  piezoelectric 
constant  is  much  smaller.  Among  them,  the  highest  one  is  at 
1.200pC/N.  This  demonstrates  the  importance  of  the  order  of 
transition  on  the  electromechanical  reqwnse  of  a  ferroelectric 
material. 


The  larje  difrercnce  in  the  electromechanical  behavior 
between  a  first  order  transition  and  a  continuous  transition  can 
be  explained  from  the  polarization  hysteresis  loops  shown  in 
figure  S.  which  are  taken  from  the  BST  samples  possessing 
first  order  transilioo  and  continuous  transition  respectively. 

From  the  relation  dsysTQi  i  P  c.  a  high  piezoelectric  constant 
requires  a  material  to  have  a  large  P  and  e  simulUneously.  As 
shown  in  figure  S(a).  which  is  for  the  BST  sample  with  a  first 
order  transition,  the  highest  dielectric  constant  rruximum 

occurs  at  P«0.  therefore,  yields  a  large  piezoelectric  response. 
While  for  a  continuous  transition  material,  figure  S(b)  shows 
that  the  highest  dielectric  constant  maximum  occurs  at  PaO. 
which  certainly  does  not  satisfy  the  condition  for  a  high 
piezoelectric  response. 

IV.  Summary  and  acknowledgment 

In  this  paper,  we  show  that,  both  theoretically  and 
experimentally,  a  giant  piezoelectric  response  with  tunability 
can  be  achieved  by  iipenting  a  rruterial  near  its  paraelectric- 
ferroelectric  transition  for  a  material  with  a  first  order 
paraelectric-ferroelectric  phase  transition.  A  strongs  fust  order 
transition  is  preferred  to  have  a  higher  induced  piezoeiectric 
constant  and  electromechanical  coupling  factor.  a  rruterial 
with  a  continuous  transitioo.  there  is  no  advantage  to  operate  it 
near  the  transition  region.  This  work  was  supported  by  the 
official  of  Naval  Research. 
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Figure  5.  The  polarization  hysteresis  loops  for  the  BST 
samples  with  a  contiiiuous  transitioo  near  to  ud  a  first  order 
transitioo  near  to  For  a  first  order  transitioo.  the  maximum 
dieie^  constant  peak  occurs  at  PsP^  while  for  a  continuous 
transitioo,  the  maximum  didectiic  constant  peak  occun  at  PaO. 
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Piezoelectric  Performance  of  Piezoceramic-Polymer  Composites  with 
2-2  Connectivity  —  A  Combined  Theoretical  and  Experimental  Study 

Q.  M.  Zhang.  Wenwu  Cao.  J.  Zhao,  and  L.  E.  Cross 
Materials  Research  Laboratory.  The  Pennsylvania  State  University 
University  Park.  PA  16802 

Abstract: 

The  piezoelectric  performance  of  piezoceramic  polymer  composites  with  2-2 
connectivity  at  low  frequency  has  been  analyzed  theoretically.  Due  to  the  elastic  coupling 
between  the  ceramic  and  polymer  phases,  the  strain  components  in  directions  perpendicular  and 
parallel  to  the  ceramic-polymer  interface  are  not  uniform  in  either  phases.  As  a  result,  most  ol 
the  stress  transfer  between  the  two  phases  occurs  at  the  region  near  the  surface  of  the  composite. 
In  order  to  improve  the  piezoelectric  performance  of  a  composite,  the  polymer  matrix  should 
have  a  small  Young's  modulus  and  a  large  shear  modulus,  and  a  large  aspect  ratio.  It  may  be  also 
desirable  to  have  the  polymer  matrix  made  of  two  different  polymers  with  the  stiffer  one  near  the 
surface  and  the  softer  one  in  the  interior  of  the  composite.  To  compare  with  the  theoretical 
calculations,  surface  profiles  <rf  a  series  of  2-2  composites  with  different  aspect  ratios  were 
measured,  and  the  experimental  results  show  excellent  agreement  with  the  theoretical 
calculations.  The  non-uniform  strain  and  stress  in  the  direction  parallel  to  the  ceramic-polymer 
interface  of  a  composite  were  also  confirmed  by  experiments. 


I.  Introduction 

One  of  the  key  design  criteria  of  piezoceramic  polymer  composites  is  to  optimize  the  stress 
transfer  between  the  two  constituents  —  the  piezoelectric  ceramic  and  polymer  matrix.  Since  the 
stress  transfer  between  the  two  constituents  depends  on  the  dimensions  and  elastic  properties  of 
each  phase  in  a  complicated  manner,  as  has  been  demonstrated  by  numerous  experiments,  there 
has  been  a  constant  effort  to  establish  a  quantitative  understanding  of  how  various  design 
parameters  affect  the  performance  of  a  piezocomposite.  '*5  One  of  the  most  frequently  used 
models  in  analyzing  the  properties  of  a  composite  is  based  on  the  isostrain  approximation,  i  .e.. 
the  assumption  that  the  elastic  displacements  in  the  two  constituents  are  equal  in  the  ceramic 
poling  direction.  However,  the  results  derived  using  the  isostrain  approximation  often 
overestimated  the  stress  transfer  between  the  two  phases.  Also,  the  prediction  that  the 
piezoelectric  performance  of  a  composite  should  be  independent  of  the  aspect  ratio  of  the 
ceramics  in  a  composite,  derived  from  the  isostrain  approximation,  was  apparently  incorrect.  As 
a  matter  of  fact,  the  aspect  ratio  is  one  of  the  most  important  parameters  in  adjusting  the 
performance  of  a  composite.3-5 

Recently,  in  an  effort  to  improve  the  modeling  of  piezocomposites,  we  have  introduced  a 
simple  iiKxiel  based  on  the  static  force  balance  condition  to  describe  the  mechanical  and  the 
piezoelectric  response  of  a  composite  under  external  stress  or  electric  fields.^^  The  iiKxlel 
provided  the  trend  of  how  the  elastic  properties  of  each  phase  and  especially  the  aspect  ratio  of 
the  ceramics  affect  the  performance  of  a  composite,  and  was  in  good  agreement  with 
experimental  results.  Hence,  it  provided  a  much  better  base  for  relating  the  performance  ot  a 
composite  to  the  design  parameters.  However,  quantitatively,  there  still  existed  some 
discrepancy  between  experimental  results  and  theoretical  predictions.  For  example,  in  order  (o 
fit  the  experimental  surface  profile  of  a  composite,  a  much  larger  Poisson's  ratio  for  the  polymer 
matrix  has  to  be  used.  The  discrepancies  are  the  result  of  the  approximation  made  in  the  model 
that  the  strain  in  both  phases  along  the  piezoceramic  poling  direction  (the  z-direcdon,  as  will  be 
introduced  later  in  this  paper)  is  a  constant  (or  independent  of  z-coordinate).  In  this  paper .  e 


will  elimioate  this  assumption  and  treat  the  piezocomposites  using  the  basic  static  elastic 


equations:^ 


i  ^-0 

k=l  dx^ 


(1) 


In  equation  ( 1),  i  and  k=l,  2,  and  3  (or  x.  y.  and  z  as  will  be  used  later  in  this  paper)  correspond 
to  the  three  orthogonal  coordinates  x,  y.  and  z.  Although  a  standard  procedure  for  solving  t  h  has 
been  developed,  it  involves  complicated  mathematical  calculations  for  a  composite  structure, 
which  quite  often  do  not  yield  much  physical  insight.^  To  avoid  this,  numerous  approximations 
were  made  in  the  literature  to  simplify  ( I )  so  that  a  closed  form  solution  can  be  obtained  for 
composites.  In  trying  to  adapt  these  results  to  the  piezoceramic  polymer  composites,  we 
found  that  among  these  theoretical  studies,  there  is  a  common  shortcoming,  i.e.,  there  alwav  s 
exists  an  undetermined  adjustable  parameter  in  the  final  results,  which  is  not  desirable  for  a 
model  required  to  give  quantitaUve  predictions. 

For  a  piezocomposite  with  2-2  coimectivity.  as  shown  in  fig.  I,  we  will  show  in  this  paper  that 
one  can  greatly  simplify  ( 1)  by  making  use  of  the  features  of  a  typical  2-2  composite.  The 
calculated  results  from  this  approach  indicate  thiA  the  strain  field  in  both  the  x  and  z-directions  is 
not  uniform.  It  also  shows  that  most  of  the  stress  transfer  between  the  two  constituents  occurs 
near  the  surface  of  a  composite.  The  results  confirm  that  when  a  composite  thickness  2L  is  much 
larger  than  the  width  of  ceramic  plates  and  polymer  gap  (d  and  a),  the  performance  of  a 
composite  at  low  frequency  can  be  analyzed  by  the  isostrain  approximation. 

In  order  to  compare  with  the  theoretical  results,  we  have  also  carried  out  a  series  of 
measurements  on  the  surface  profile  of  2-2  composites  with  different  aspect  ratio  using  a  double 
beam  laser  dilatometer.^3  The  theoretically  calculated  profile  and  experimentally  measured  one 
agree  with  each  other  in  numerical  value  even  without  use  of  adjustable  parameters.  We  have 
also  made  a  2-2  composite  with  multilayer  structure  so  that  the  z-dependence  of  the  local  stress 
field  can  be  probed  and  the  result  also  agrees  with  the  theoretical  prediction.  It  is  conceivable 
that  the  method  used  here  to  measure  the  local  stress  field  may  be  generalized  to  the  structure 


composites  in  which  the  piezocenunic  elements  can  serve  as  sensors  to  monitor  the  change  m  the 
local  stress  field.  In  this  manner,  one  may  be  able  to  verify  the  detailed  theoretical  predictions 
about  the  stress  pattern  in  these  composites. 


II.  Piezoelectric  Response  of  2-2  Composites  under  an  Electric  Field 

In  the  earlier  publication,^  we  have  shown  that  when  a  composite  is  subjected  to  an  cMcrnal 
electric  field  along  the  ceramic  poling  direction,  the  surface  displacement  profile  is  not  uniform. 
The  displacement  in  the  polymer  region  is  always  less  than  that  in  the  piezoceramic  region 
From  this  non-uniform  strain  distribution,  one  is  able  to  calculate  the  stress  transfer  between  the 
two  phases. Since  the  ceramic  plates  are  poled  in  the  z-direction,  we  are  mainly  concerned 


with  the  stress  transfer  in  that  direction.  Hence,  we  only  consider  the  following  elastic  equation 


As  shown  in  Fig.  1  the  y-dimensions  of  a  typical  2-2  composite  is  much  larger  than  the  thickness 
2L  and  repeating  distance  (a-i-b)  in  the  x-direction  of  the  composite,  hence  all  the  quantities 
involved  are  assumed  to  be  independent  of  y-coordinate.  Through  Um  stress-strain  relationship. 
(2)  can  be  converted  to 

(X+|i)^+p  V^Ui  =0  (3) 

dz 

where  X  and  p  are  the  Lame  coefficients  (p  is  shear  modulus),  e  =  Uxx  Uyyi-  Uq,  and  is  the 


Laplacian  operator.  For  simplicity,  we  assume  that  both  ceramic  and  polymer  are  elasticall> 
isotropic  (the  elastically  anisotropic  case  can  also  be  treated  utilizing  the  procedure  outlined  in 
this  paper).  X  and  p  are  related  to  the  Young's  modulus  Y  and  Poison's  ratio  a  through 

^  2(1+0)  (I+0K1-20) 

When  an  electric  field  Ej  (E3  is  a  constant)  is  applied  on  a  composite,  one  has  the  following 
constitutive  relations  in  the  ceramic: 

Txx=<1  i«Kx+c!f  2Uyy+<*i2U„-e3 1E3  (4a) 

TyysdJ  ^  (4b) 


(4c) 


where  cfj  are  the  elastic  constants  (the  superscript  c  refers  to  the  ceramic)  and  e,j  are  the 
piezoelectric  stress  constants  for  the  ceramic.  Similar  equations  can  be  written  for  the  pol  v  mer 
matrix  except  that  all  eysO  and  cy  are  those  for  the  polymer. 

From  earlier  experimental  and  theoretical  results  and  the  dimensionality  arguments,  the  strain 
Uv\  in  both  polymer  matrix  and  ceramic  plate  can  be  assumed  to  be  constant.  For  a  composite 
material,  in  general,  T^x  is  not  equal  to  zero  when  it  is  subjected  to  an  electric  field.  Hov^ever. 
this  non-zero  is  the  result  of  the  stress  transfer  in  the  z-direction  between  the  two 
constitunents  and  it  is,  therefore,  small  compared  with  the  stress  in  the  z-direction.  Since  we  are 
mostly  concerned  with  the  stress  transfer  in  the  z-direction.  the  error  of  assuming  Txx=0  to  the  / 
direction  stress  transfer  will  be  on  the  order  of  (o  is  the  Poisson's  ratio).  ^  Under  these 

approximations,  the  strain  Uxx  and  Uzz  are  related  by 

Uxx=^<M2Ay-*'C^2“a-e3|E3)  (5a) 

Cii 

Uxx=^cP2Av+cP,Ua)  (5b) 

Cll 

where  (5a)  is  for  the  ceramic  plate  and  (5b)  for  the  polymer  matrix.  Uyy  is  the  same  in  both 
phases  and  is  denoted  as  a  constant  Ay.  Substituting  (5)  to  (3)  yields 

,6) 


3x2  dx2 


where  K2={(X,-f2fi)  -(  )X /c n)  / 

=  Y(2-oyl2^(l-o2)l  (7) 

(6)  can  be  used  for  both  ceramic  plate  and  polymer  matrix,  except  different  elastic  constants 

should  be  used  for  different  phases.  Apparently,  Uz  is  a  function  of  both  x  and  z.  Following  the 

standard  procedure  in  solving  the  partial  differential  equation,  we  assume  Uzas  Uz=  f(x)g(z). 

Substituting  this  into  (6),  one  gets  two  ordinary  differential  equations: 

,2  ,2 

:^-^z)=-p^  and  jjL- — f(x)*§^  (8) 

g(z)  ^  f(x)  ax2 


The  solution  to  (8)  which  satisfies  the  boundary  condition  that  U2=0  at  z-0.  and  the  s>  mmeiry  >>1 

dUz 

the  problem - =0  at  x=0  for  the  polymer  matrix  and  at  x=(a-fd)/2  for  the  ceramic  plate 

dx 


u5=APz  +  Bgsin  (a„z)  cosht^n^)  (-  #•  *  x  *  A)  (%) 

n=0  2  2 

where  A^,  and  B^  are  the  integration  constants.  and  pS=KPan.  is  the 

eigenvalue,  which  will  be  determined  from  the  boundary  condition.  and  are  defined  m 
(7)  for  the  ceramic  plate  and  polymer  matrix,  respectively.  Due  to  the  periodic  nature  of  the 
composite,  we  only  write  down  the  solution  for  a  unit  cell  of  the  composite  at  -a/2  <  x  <  a/2-d 
The  following  boundary  conditions  are  used  to  determine  the  integration  constants: 

Tjz=0  at  z=  X  L . 
ufc  =  Tsz  =  Ttz  at  x=a/2, 

“?y  =  ‘*?y  =  Ay 


The  relation  between  the  shear  stress  T^z  and  the  shear  strain  Uxz  is 

dUz  du, 

Txz  —  pf— •  +  — '  ) 
dx  dz 


Making  use  of  (4)  and  (9),  one  arrives  at 


2(-l)“ 


Otf=(2n+l)jt/(2L)  (n=0.1.2.  )  (10a) 

(A'-AP)  ^^)sinh(P^)l 

Ciit^ _ ^ 

(^'(K'+  j^)siiili(pSi)cosh(pS|.H|.i>(Ki'+  -i^j^co8h(P^iih(P^)) 

(A'-Af)  -^J-WnWpSf-)] 

c?,KP  ^ 


(lObi 


(^'(K«+  :|^)sinh(p^)cosh(pSf)+M'’(KP+  -TJJ-)cosh(P^)sinh(pSA)) 

cT,K'  ^  2  c^jKP  ^  ^ 


(lOci 


AP=Sa. 


rv 

c; 

A‘ =  S.  A,  +  (ejj  -  ^eji)  ^ 

<^1  C|| 


(lOd) 


(lOe) 


where  C^.  C2.  Cp  aod  C2  are  defined  in  the  Appendix.  The  superscripts  p  and  c  stand  tor 
polymer  matrix  and  ceramic  plate,  respectively,  and  this  convention  will  be  used  through  out  this 
paper.  For  the  sake  of  simplicity,  and  are  rewritten  as 

BS  =  (A‘^-AP)B^o 

B8  =  (A'-AP)BS„ 


It  is  clear  that  B^o  ^nO  ^  properties  of  the  composite  and  will  not  change 

with  the  experimental  conditions. 

in  (9b),  which  is  the  prefactor  in  the  cosh  function  of  the 


Incidentally 


I*2(1-o2) 


first  term  describing  the  non-uniform  strain  profile  in  the  polymer  matrix  in  the  x-direction.  is 
quite  similar  to  that  obtained  in  our  earlier  analysis  except  there  the  strain  in  the  z-direction  is 
assumed  to  be  uniform. Since  §n  describes  the  strain  decay  in  the  polymer  phase  in  the  \- 
direction,  for  more  efficient  stress  transfer  between  the  two  constituents,  a  smaller  is 
preferred,  which  implies  that  the  polymer  should  have  a  smaller  Young's  modulus  and  a  large 
shear  modulus,  A  composite  with  a  larger  L  will  also  improve  the  stress  transfer.  These 
conclusions  are  the  same  as  those  derived  from  our  earlier  dworetical  model.^'^ 

Finally,  Ay  can  be  determined  from  the  form  balance  condition  (Newton's  third  law)  in  the  > 
direction,  which  requites  that  the  total  force  experienced  by  the  ceramic  plate  should  be  equal  in 
magnitude  and  opposite  in  sign  to  that  in  the  polymer  matrix 

ccr 


From  this 

A,= _ - 

L(dci+«c5)-CB(n'+iif) 

where  C^,  Cj,  Cb,  ffS !!«  and  III^  are  defined  in  the  Appendix. 

Fqiiatinm  (9)  shows  that  the  Strain  profile  not  only  depends  on  the  x-coordinate  but  also 
depends  on  the  z-coordinate.  The  coupling  between  the  polymer  and  ceramic  changes  the  strain 
pattern  in  both  directitHis. 
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Iq  order  to  verify  these  theoretical  results,  the  surface  profiles  of  several  2-2  composiitrs  ^ith 
different  thickness  (2L)  were  measured  using  a  double  beam  laser  dilatometer.  The  2-2 
composites  were  made  from  PZT-500  ceramics  and  Spurrs  epoxy  ‘5  with  the  dimensions  of 
a=l  J  mm  and  d=1.0  mm.  The  2-2  composite  samples  with  different  thicknesses  2L  used  in  the 
surface  profile  measurement  were  cut  from  one  original  piece.  Shown  in  fig.  2  is  the  companson 
of  experimentally  measured  surface  profiles  with  those  calculated  using  (9)  at  the  surface  of  the 
composites  (z=  ±  L).  All  the  input  parameters  are  fixed  in  the  calculation,  which  are  uken  from 
the  data  either  from  the  manufacturer  or  from  the  other  measurements.  During  the  process 
of  making  these  2-2  composite  samples,  there  was  some  degree  of  depoling  due  to  the  heating  of 
the  ceramic  plate  to  higher  temperature.  The  d33  value  was  reduced  from  400  pm/V  (poled  by 
the  manufacturer)  to  a  lower  value  of  356  pm/V  and  the  d3i  value  was  also  reduced  in  the  same 
proportion.  In  the  theoretical  calculation,  these  reduced  values  were  used.  For  clarity,  not  all 
experimentally  measured  surface  profiles  are  shown  in  fig.  2.  In  Table  1,  the  ratio  of 
u^  at  xssO  to  u$  at  x=(a-t-dV2  from  all  the  samples  measured  and  the  corresponding  theoretically 
calculated  values  are  listed,  since  this  is  the  most  sensitive  parameter  reflecting  the  non-uniform 
strain  distribution  in  the  x-direction  of  a  composite.  Excellent  agreement  between  the 
experimentally  measured  profiles  and  theoretically  predicted  ones  was  achieved  over  a  large 
range  of  aspect  ratio  without  adjustable  parameters,  and  the  theoretical  fitting  parameters  (  listed 
in  Table  II)  agree  with  the  earlier  measured  results.  The  results  here  also  demonstrate  that  the 
surface  profile  becomes  more  or  less  uniform  as  the  aspect  ratio  becomes  large. 

Fig.  3  show  the  strain  profile  in  the  z-direction  calculated  using  (9)  for  both  ceramic  plate  and 
polymer  matrix  for  three  aspect  ratios  (d/L=0.4, 0.2,  and  O.OS)  with  40  %  ceramic  content  for  2  2 
composites  made  of  PZT-SOO  plates  and  Spurrs  epoxy.  The  parameters  used  in  the  calculation 
are  given  in  Table  II  except  d33a400  pm/V  and  d3i=-17S  pm/V  are  used  here.  For  the  ceramic- 
plate,  the  strain  u^  plotted  is  averaged  over  x.  and  for  the  polymer,  the  value  was  taken  at  x=0: 


(11a) 


(lib) 


y 


u£j=AP  +  ]^  Bg  Oocos  ( a„z) 

n=0 

Rgs.  2  and  3  shows  cleariy  that  the  strain  depends  both  x  and  z.  It  also  shows  that  near  the 
surface  the  piezoelectric  response  of  the  ceramic  plate  is  very  close  to  that  of  pure  ceramic 
(d33=400  pm/V)  while  the  strain  in  the  polymer  near  z=L  is  nearly  zero.  In  other  words,  the 
elastic  coupling  between  the  two  phases  does  not  affect  very  much  the  piezoelectric  response  of 
the  ceramic  plate  and  elastic  response  of  the  polymer  matrix  near  the  surface  region  ( z=  *  L  i 
On  the  other  hand,  although  the  strain  in  the  z-direction  shows  large  changes  with  z-coordinate 
for  composites  with  a  small  aspect  ratio,  the  strain  in  the  z-direction  is  almost  a  constant  for 
composites  with  large  aspect  ratio,  for  which  the  constant  strain  approximation  in  the  z-dircciion 
and  isostrain  approximation  in  the  x-direction  should  be  appropriate.  These  results  also  jusiif> 
the  assumption  made  earlier  in  this  paper  that  u^.^.  is  a  constant  for  a  2-2  composite  since  the  y- 
dimension  is  much  larger  than  the  ceramic  plate  width  d  and  polymer  matrix  gap  a. 


III.  Piezoelectric  Response  under  Hydrostatic  Pressure 

When  a  2-2  piezoceramic  polymer  composite  is  subjected  to  a  hydrostatic  pressure  ( -p ).  the 
elastic  response  of  both  ceramic  plate  and  polymer  matrix  is  still  described  by  (1),  (2),  and  (3 ) 
except  that  (4)  becomes 

iUxx+<i  2“yy*’^  2“a  ^ 

’ryy=cl2“xx+^  2“n  ^ 

and  Tas=c^2®xx+<i2'b'y*'^ 

for  the  ceramic  plates.  For  the  polymer  matrix,  one  just  replace  cfj  in  (1 1)  by  cj,  the  stiffness 

constant  of  the  polymer  phase  used.  From  Txx  =-P- relation  between  u^x  and  u^  becomes 

Uxx=  P  +  Cl2««+C|2Ay) 

which  can  be  used  for  ceramic  plates  and  polymer  matrix. 

The  elastic  displacement  u^  for  the  two  phases  are  those  in  (9a)  and  (9b).  The  boundary 


conditions  now  are 


lU 


Tzz=  -p  at  z=  «  L . 

=  ugj  and  T^j  =  at  x=a/2. 
and  u^y  =  ufy  =  Ay. 

a„=(2n-t-  1)}V^(2L),  B^,  and  Bn  are  those  in  ( lOa)  and  ( lOb).  A*^.  AP  and  Ay  now  are  different 


from  those  in  the  electric  field  driven  situation 

<^2  Cj 

AP=  — — - +  ^  Ay 

c^i  +  c^2 


(13a) 


(I3b). 


Taking  into  account  the  external  stress  (-p)  in  the  y-direction,  the  force  balance  condition  in  that 
direction  requires 

n<»«Aa  f'-r*'* 

T^ydxdz+IJ^  Tfy.dxdz=-p(a-.-d)L(2  (14) 

where  T^y  and  Tyy  are  the  stresses  in  the  polymer  matrix  and  ceramic  plate,  respectively.  ( 14) 
states  that  the  total  force  experienced  by  the  composite  in  the  y-diiection  should  be  the  same  as 
that  exerted  by  the  hydrostatic  pressure.  Hence,  the  strain  in  the  y-direction.  Ay,  can  be 


determined  from  ( 14), 


(HI*» -(a-Hl)U2)p 
V(<»C^  +  aCP)-CB(II*  +  IIP) 


where  Cb,  US  UP  and  III^  are  aU  defined  in  the  Appendix. 


The  non-uniform  strains  and  stresses  in  the  ceramic  plate  inqriy  that  the  piezoelectric 
hydrostatic  response  in  the  ceramic  is  not  uniform,  it  depends  on  both  x  and  z  coordinates.  For 
example,  the  local  piezoelectric  hydrostatic  response  can  be  found  from  the  rdadon 
Ba  =  -  [f33  TjB+g3i(T*x+Tyy)l  =  -  ^  (-p)  (16) 

where  is  introduced  as  the  local  ^ective  piezoelectric  hydrostatic  coefficient,  which  is  a 
functitNi  of  both  x  and  z  coordinates.  Utilizing  the  results  derived  above,  one  can  get 
Es  =  -  [■p{£33^+g3 1(  1'^^)>+Ay(g3 |C^-g33C§)+“ii(*33CM-g3 iQ)!  ( 17) 

Apparently,  the  third  term,  which  contains  u$z,  is  responsible  for  the  variation  of  the  hydrostatic 
response  with  x  and  z  cotudinates. 
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The  z-depeodencj  of  the  piezoelectric  response  predicted  by  ( 17)  was  verified  cxpen mental  K 
The  local  stress  field  was  probed  in  a  2-2  composite  with  multilayer  structure  (see  schematic  m 
fig.  4).  The  multilayer  2-2  composite  was  made  of  PZT-SOO  ceramic  and  Spurrs  epo)t>  w  uh  total 
eleven  layers,  i  he  ceramic  plates  were  glued  together  using  silver  epoxy  which  also  serves  as 
electrodes  for  each  layer.  The  charge  output  under  an  AC  hydrostatic  pressure  (50  Hz)  was 
measured  for  each  layer  with  the  electrodes  of  other  layers  shorted  together.  The  expenmcniall) 
measured  quantity  corresponds  to  E3.  which  is  E3  averaged  over  x  on  the  ceramic  plate 


2(g33q-g3lC^2 


J  B^ocos(anz)sinh0ni)l 


The  experimental  result  and  theoretical  calculation  are  compared  in  fig.  S  and  the  agreement 
between  the  two  is  satisfactory. 

The  effective  hydrostatic  piezoelectric  coefficient  ^  of  the  sample  can  be  found  by  averaging 


E3  in  ( 18)  over  z  (£3'^*=  ^  J  ^dz )  and  ga  =  3a  for  the  sample  is  gai.  i  is  the  averaged 

dielectric  permitivity  of  a  composite  Vce‘^+(  l*Vc)8P,  where  Vc  is  the  volume  content  of 
ceramics  in  a  composite,  and  eP  are  the  dielectric  permitivity  of  the  ceramic  plate  and 
polymer,  respectively.  Usually,  e®  is  much  larger  than  eP,  which  results  in  ^  VcC®  .  Hence. 

3h  =  VcYda  (19) 


where 


Y  =  l(<i33+<bi(l+  -  ))  - 

c?,+cf2 

2(d33Ct-<l3iC5),, 


Cfj+Cf2 


dLCl 


CBiny+CD)iri/da 


where  das  (daa  -»■  2d3i)  is  the  hydrostatic  piezoelectric  coefficient  of  the  ceramic  plate,  and  y  is 


the  stress  transfer  factor,  which  measures  how  much  stress  is  transferred  from  the  polymer  matrix 
to  ceramic  plates.  In  fig.  6,  3a  is  plotted  against  the  ceramic  content  in  the  composite  for 
different  aspect  ratio.  The  results  fm*  (»k1)/L=0.01  and  O.QS  are  almost  identical,  which  indicates 
that  the  aspect  ratio  effect  saturates  at  (a-Ki)/L~0.05.  In  other  words,  when  L  becomes  larger,  the 
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results  derived  here  approaches  those  derived  from  the  isostraio  approumation  and  there  is  no 
further  improvement  in  the  piezoelectric  performance  of  a  composite  with  a  smaller  (a-«-d)/L. 

In  fig.  7,  the  tensile  stress  Tq  for  the  ceramic  plate  is  plotted  as  a  function  of  z-coordinate  for 
2-2  composites  with  different  aspect  ratio.  The  ceramic  content  is  kept  at  40  %  and  the  composite 
is  subjected  to  a  hydrostatic  pressure  of  I  N/m-.  In  the  figure.  is  the  average  over  %=dJ2  to 
x=2J2-^d.  Most  of  the  parameters  used  in  the  calculation  are  listed  in  Table  II  except  d33=400 
pm/V  and  d3i=-175  pm/V  (the  value  for  PZT-5(X)  from  the  manufacturer)  In  fig.  8.  the  strain 
Ujz  as  a  function  of  z  is  plotted  for  both  ceramic  plate  and  polymer  matrix  [(11a)  and  ( 1 1  b)  |.  The 
result  is  similar  to  that  in  fig.  3  where  the  sample  is  under  an  electric  field. 

In  order  to  have  a  stress  transfer  between  the  two  phases  in  a  composite,  it  is  necessary 
that  a  strain  gradient  exists  between  the  two  phases  in  the  x-direction.  The  larger  this  gradient 
is,  the  more  the  stress  will  be  transferred  between  the  two  phases.  Fig.  8  shows  clearly  that  the 
stress  transfer  between  the  polymer  matrix  and  ceramic  plate  mainly  occurs  near  the  surface  of 
the  composite  (z=  e  L).  For  composites  with  large  aspect  ratio,  the  portion  of  polymer 
participating  in  the  stress  transfer  is  relatively  small,  i.e.,  most  of  the  polymer  does  not 
contribute  to  the  stress  transfer.  In  fact,  the  polymer  in  the  interior  region  acts  only  as  the  elastic 
loading  which  reduces  the  effective  stress  transfer  between  the  two  phases  .  Therefore,  a 
composite  with  the  polymer  matrix  made  of  very  stiff  polymer  near  surface  region  (near  z=  e  L). 
and  very  soft  polymer  in  the  interior  (near  z^O)  can  have  a  much  betta*  piezoelectric 
performance. 

IV.  Summary  and  Acknowledgment 

Starting  from  the  basic  elastic  equations,  the  static  piezoelectric  performance  of  piezoceramic 
polymer  composites  widi  2-2  connertivity  has  been  analyzed  theoretically.  The  results  show 
that  due  to  the  elastic  coufding  between  the  two  constituent  phases,  the  strain  is  not  only  non- 
uniform  in  the  x-direction,  but  also  in  the  z-direction.  Most  of  the  stress  transfer  between  the  two 
phases  occurs  at  the  region  near  the  surface  of  a  composite,  the  outerials  in  the  interior  of  the 


composite  does  not  contribute  significantly  to  the  stress  transfer.  The  results  confirm  ihai  the 
isostrain  model  may  be  used  for  composites  with  very  large  aspect  ratio  without  introducing 
much  error,  in  order  to  improve  the  piezoelectric  performance  of  a  composite,  the  composite 
should  be  made  of  polymer  matrix  with  a  small  Young's  modulus  and  a  large  shear  modulus,  and 
a  large  aspect  ratio.  It  may  be  desirable  to  have  the  polymer  matrix  made  of  two  different 
polymers  with  the  stiffer  one  near  the  surface  and  the  softer  one  in  the  interior  of  the  composite. 

Surface  profiles  of  a  series  of  2-2  composite  with  different  aspect  ratio  were  measured  using 
a  double  beam  laser  interferometer  and  the  experimental  results  show  excellent  agreement  with 
the  theoretical  calculations.  The  non-uniform  strain  in  the  z-direction  of  a  composite  was  also 
confirmed  by  experiment 

It  should  be  noted  that  these  conclusions  reached  here  are  based  on  static  elastic  relations, 
they  are  valid  only  for  low  frequencies,  that  is,  for  frequencies  well  below  various  resonance 
modes  in  a  composite.  Similar  analysis  on  the  performance  of  a  piezocomposite  near  its 
thickness  resonance  frequency  will  be  pursued  in  the  future. 

The  authors  wish  to  thank  Drs.  W.  A.  Smith.  N.  R.  Sottos,  and  C,  Richard  for  stimulating 
discussions.  This  project  was  supported  by  the  Office  of  Naval  Research  through  the  Grant  No: 
N00014-93-1-0340. 
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Appendix 


q = (cf ,  - 1^) -md  c; = - (c?  J  - ) 

cf = (cf ,  -  ““  C! = - «=f2  -  5^) 

c^cf-!^  «.d  ci=q-i^ 

C,  1 

Cb=|-| 

n‘  =  Z  Q — "  ^BSo 

nsO  Pn 

n'’=Ic| - jr-^BSo 

0=0  Pn 

niE = X(e5j  -  ^ej,xn‘+nf) + Jfw  i-  ^  ■+  §<^3-  i » 

dfl  2  c;^,  C,  qi 

ink = 

C?i+C?2  • 


np= 


nik-(a»Hi)U2 
(dC^+«Ci)L/2  -  Cb(II*+II*') 
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Table  I.  The  comparison  of  experimentally  measured  and  theroetically  calculated  non-uniform 
strain  distribution  of  2-2  composites  (d=l .0  mm.  a=l  3  mm) 


L(nun) 

uf/uS  (exp.) 

u$  /u{  (theo.) 

5.2 

0.88 

0.87 

4.06 

0.84 

0.836 

3.1 

0.79 

0.787 

2.15 

0.72 

0.70 

135 

03 

0338 

Table  H.  The  parameters  used  for  PZl-SOO  ceranucs  and  Spuns  Epoxy  in  the  calculation  for 
Table  I  and  figure  2 

PZT  Y«= 5,43  (10^  N/iri2),  p<?=Z06(l0WN/in2),  O«5=031,  cii®=  1.156(10“  N/m2) 

ci2«=0.75  (10“  N/inZX  433=356  (pm/V),  <%is-156  (pm^.  e^lTOO  Eq 

Spurn  Epoxy  HP=1.76(10’Nriii?X  olM)364 

cnI»=*a7(10’N/ni2),  C|2P=4w7(109N/iri2X  eP=4  ao 
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Figure  captioos: 

Figure  1.  Schematic  drawing  of  a  2-2  piezoceramic-polymer  composite.  The  ceramic  plates  are 
marked  by  shaded  areas,  the  width  of  ceramic  plate  is  d  and  the  width  of  polymer  matrix  gap  is 
a,  and  the  sample  thickness  is  2L.  z  is  the  poling  direction  of  the  ceramic  plate. 

Figure  2.  Comparison  between  measured  and  calculated  surface  displacement  profiles  ( in  the  x- 
direction)  for  a  composite  subjected  to  a  low  frequency  electric  field.  The  black  dots  are  the 
experimental  data  points  and  the  solid  lines  are  theoretical  results.  The  ceramic  regions  have  a 
high  displacement  value  than  the  polymer  regions.  The  displacement  prt^e  of  the  composite 
was  measured  using  a  double  beam  laser  dilatometer  at  a  frequency  of  2S0  Hz.  The  dimensions 
of  the  composites  are  a=13  mm,  d=1.0  mm,  with  (a)  2L?10.4  mm  and  (b)  43  mm,  respectively. 

Figure  3.  The  effect  of  the  aspect  ratio  on  the  non-uniform  strain  profile  in  the  z-direction  for 
both  ceramic  plate  u^z^  (soUd  lines)  and  polymer  matrix  v^z),  (dashed  lines),  uyz)  is  the 
average  displacement  of  the  ceramic  plate  and  uj^z)  is  the  polymer  displacement  at  xsO.  the 
applied  electric  field  is  1  V/m  along  the  z-direction,  a=3  mm  and  d=2  mm  with  three  different 
thicknesses:  (a)  2L=10  mm;  (b)  2L=:20  mm;  (c)  2L=90  mm. 

Figure  4.  Schematic  drawing  the  multilayer  2-2  composite,  which  consists  eleven  ceramic 

layers  glued  together  using  silver  epoxy  with  the  thickness  ci  each  ceramic  layer  being  0.79  mm. 
The  dunenaons  of  the  composite  are:  a3:13  nun,  dsl.06  mm,  2L=&7  mm.  The  electrodes  for 
each  layer  are  numbered  from  1  to  12. 

Figure  5.  The  charge  output  from  the  electrode  pairs:  1  and  2, 2  and  3, 3  and  4, 4  and  5,  S  and  6. 
6  and  7  (shown  in  black  dots)  and  their  comparison  with  the  theoretically  calculated  result  (solid 
line).  The  data  point  at  z=0  is  for  pair  6  and  7,  and  the  point  near  the  composite  surface  (za43Sl 
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is  for  pair  1  and  2.  When  the  charge  output,  for  example,  from  the  second  layer  was  measured 
(between  the  electrodes  2  and  3),  the  electrodes  1  and  2  were  connected  together  and  the 
electrodes  3  to  12  were  also  connected  together. 

Figure  6.  The  calculated  piezoelectric  hydrostatic  constant  3a  of  2-2  composites  as  a  function  of 
the  ceramic  volume  content  for  different  aspect  ratio.  The  parameters  used  in  the  calculation 

are  listed  in  table  II  except  here  d33=400  pm/V  and  d3i=-175  pm/V.  The  top  curve  is  for 
(a-KlVL=O.OS  and  the  bottom  one  is  for  (a-KiVL=:l. 

Figure  7.  The  tensile  stress  for  the  ceramic  plate  as  a  function  of  z  for  2-2  composites  with 
different  L.  The  ceramic  width  <1=2  mm  and  the  width  of  polymer  gap  a=3  mm.  The  composites 
are  subjected  to  a  hydroatatic  pressure  of  -1  N/m^. 

Figure  8.  The  effect  of  the  aspect  ratio  <»  the  non-uniform  strain  prtrfile  in  the  z-<lirection  for 
hoA  ceramic  plate  t^z)  (solid  line)  and  polymer  matrix  u^z)  (dashed  line),  where  uyz)  is  that 
averaged  over  the  ceramic  plate  and  u^z)  is  at  x=0  when  the  composite  is  subjected  to  a 
hydrostatic  pressure  -p=  -1  N/m?.  The  2-2c(miposite  has  a=3  mm  and  d=2  mm. 
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ABSTRACT 

A  new  type  of  1-3  piezocomposite  has  been  developed  recently  for  advanced 
transducer  applications.  The  composite  made  of  piezoelectric  ceramic  tubes  embedded  in  a 
polymer  matrix  has  many  unique  features,  such  as  tunability  on  acoustic  impedence  and 
piezoelectric  response.  The  stress  analysis  indicates  that  the  elastic  parameters  of  polymer 
matrix  have  significant  effects  on  the  performance  of  1-3  tubular  piezocomposites.  By 
optimizing  the  structure  of  composite  and  the  elastic  properties  of  the  polymer  matrix,  the 
piezocomposite  has  a  exceptiona^y  large  hydrostatic  response,  dh,  and  a  very  high  receiving 
sensitivity.  A  low  electric  impedence  and  large  effective  piezoelectric  constants  suggest  that 
the  transducers  in  the  form  of  the  1-3  tubular  piezocomposites  are  superior  to  normal  1-3 
rod  piezocon^iosites  in  hydrostatic  applications. 

INTRODUCTION 

1-3  piezocomposites  have  been  developed  for  over  a  decade.  Because  of  the 
capability  of  tailoring  material  properties,  such  as  acoustic  impedence  and  piezoelectric 
responses,  in  a  wide  range,  1-3  piezocomposites  have  been  successfully  applied  in 
advanced  transducers,  including  medical  imaging  transducers  in  megahertz  frequency 
regime  and  underwater  acoustic  transducers  (Garuraja,  1987].  However,  when  frequencies 
fall  in  kilohertz  regime,  namely  for  those  applications  involving  imaging  through  air,  such 
as  autonomous  veUcle  guidance,  manufacturing  assembly,  nond^tructive  test  and  vibration 
control,  the  conventional  1-3  rod  piezocomposite  suffers  some  difficulties,  such  as  the  need 
of  a  high  operation  voltage,  high  electric  impedance,  and  that  the  acoustic  impedence  of  the 
transducers  is  still  too  high  for  air  transducers  which  substantially  reduces  the  energy 
transfer  efficiency.  The  recent  developments  of  1-3  piezocomposites  show  that  the 
composites  using  piezoelectric  ceramic  tubes  have  several  advantages  over  conventional  1  -3 
rod  piezocomposites  in  these  applications.  Previous  work  [^ang  et  al.  1993a]  has 
demonstrated  that  because  the  electric  field  is  applied  in  the  wall  thickness  direction  of 
piezoelectric  mb^,  the  1-3  tubular  piezocomposite  is  able  to  be  operated  under  low  voltages 
which  is  desirable  for  low  frequency  transducers  operated  at  the  thickness  resonance  mode. 
In  addition,  the  effective  transverse  piezoelecuic  constant  d3i  can  be  changed  from  negative 
to  positive  depending  on  the  Poisson's  ratio  of  the  polymer  matrix,  the  dimensions  and 
piezoelectric  constants  as  weU  as  the  volume  content  of  the  ceramic  tube,  while  the  effective 
longitudinal  piezoelectric  constant  d33  remains  substantially  large.  As  a  result,  the 
hyttostatic  coefficient,  dh=d33-t-2d3i,  broomes  exceptionally  large.  Another  advantage  is 
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that  ceramic  tubes  can  be  encaped  with  air  which  will  significantly  reduce  the  acouMic 
impedence  of  a  composite. 

The  performance  of  1-3  piezocomposites  depends  on  their  structural  design  and  the 
component  selection.  There  are  a  number  of  parameters  which  are  critical  to  the  performance 
of  1-3  tubular  piezocomposites,  such  as  elastic  constants  of  the  polymer  matrix  and  ceramic 
tube  size.  Analytical  studies  [Smith  and  Auld,  1991,  Zhang  et  al.  1993b]  of  1-3  rod 
piezocomposites  have  made  significant  contributions  to  the  understanding  of  the  material 
responses  as  acoustic  transducers  which  is  also  helpful  in  understanding  the  performance  ot 
tubular  composites.  Increasing  the  tunability  of  acoustic  impedence,  eliminating  undesired 
vibration  modes,  and  enhancing  the  sensitivity  of  the  composites  are  the  basic  goals  to 
design  advanced  piezocomposites  for  sensor  and  actuator  applications.  In  this  paper,  we 
will  present  a  detailed  analysis  on  the  effect  of  various  design  parameters  on  the 
piezoelectric  responses  of  1-3  tubular  composites  based  on  the  results  of  recent  theoretical 
and  experimental  investigations. 

MODELING 

One  of  the  major  concerns  in  the  underwater  applications  is  the  piezoelectric 
response  of  a  composite  under  hydrostatic  condition,  while  in  air  acoustic  applications,  the 
response  to  the  uniaxial  stress  is  of  more  importance.  Therefore,  establishing  theoretical 
models  to  simulate  the  stress  transfer  between  ceramic  tubes  and  polymer  matrix  under  both 
hydrostatic  and  uniaxial  stress  conditions  will  help  us  to  understand  and  improve  the 
composite  performance.  Previous  study  [Zhang  et  al,  1993b]  indicated,  in  1-3  rod 
piezocomposites,  the  majority  of  stress  transfer  is  concentrated  in  the  surface  regime.  .A 
rigid  thin  face  plate  is  helpful  to  improve  the  stress  transfer  from  polymer  matrix  to  ceramic 
elements  and  reduce  the  self-loading  effect  of  the  composite.  Therefore,  face  plates  have  to 
be  taken  into  consideration  in  our  theoretical  model. 

Two  configurations  of  1-3  tubular  composites  are  modeled:  (1)  1-3  tubular 
composites  with  homogenous  polymer  mtorix;  (2)  1-3  mbular  composites  with  rigid  face 
plates.  In  these  calculations,  the  stress  transfer  tetween  polymer  matrix  and  ceramic  tubes 
and  surface  displacement  profile  of  the  composite  under  different  pressure  conditions  were 
evaluated.  The  hydrostatic  piezoelectric  constant  (dh),  receiving  sensitivity  (gh).  and 

effective  longitudinal  piezoelectric  constant  d33^  are  evaluated.  In  these  calculations,  the 
parameters  of  PZT  5H  piezoelectric  ceramic  tubes  are  used:  d33  =593  x  10-12  ni/v,  d3i=- 
274  X  10-12  mA^,  YE33=4.8  xl0l0N/m2  and  5^33-  21  xl0-l2  m2/N  (Mogan  Matroc,  Inc.). 

(1)  Homogenous  Matrix 

A  1-3  composites  with  a  homogenous  polymer  matrix  will  be  treated  fint.  The  ideal 
working  condition  of  1-3  piezocomposites  is  that  the  polymer  matrix  moves  in  phase  with 
the  ceramic  component,  a  situation  which  can  be  described  by  the  iso-strain  model. 
Therefore,  the  iso-strain  mo^l  is  utilized  in  the  following  modeling.  The  comparison  i.s 
also  ma<if>  with  a  single  end  capped  piezoelectric  ceramic  tube  and  1-3  tod  composites. 

By  approximating  the  unit  cell  of  I  -3  tubular  composites  and  adopting  the  polar 
coordinate  system  as  what  shown  in  Figure  1,  under  iso-strain  model ,  the  non-zero  strain 
components  are 
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The  basic  piezoelectric  constitutive  relations  can  be  expressed  as 


(1) 


(2) 


Tz  =  Cu  Uzz-*-  Ci2  u^  +  C|:  Unr-  C31  E 

Tr  =  Cii  Urr+  Ci2  +  C12  -  633  E 

T0=  Cii  u^+  Ci2Urr  +  Ci2Uzz  -  631  E 

where  Tz,  Tf,  and  are  the  stress  components  in  the  three  directions,  Cjj  are  the  elastic 
stiffoess  constant,  eij  are  the  piezoelectric  stress  constant,  and  E  is  the  applied  electric  field 
on  the  wail  of  piezoceramic  tubes  along  the  r  direction.  For  the  situation  when  the  composite 
is  subjected  to  a  hydrostatic  pressure  P,  the  boundary  conditions  are:  at  r  s  R.  there  is  no 
stress  transfer  in  the  r  direction,  Tr  =  P;  at  r  =  r2,  Tr  is  continuous  through  the  interface;  at 

r2  R 

r=ri,  Tr  =  0;  and  at  the  two  surfaces  normal  to  the  z-direction,  |rf2m-dr+  \T!!2nrdr 

rl  '  rl  ' 

=  Jt  R2  P,  where  L  is  the  thickness  of  the  composite,  ri  and  r2  are  the  inner  and  outer 
diameters  of  the  ceramic  tube  respectively.  Based  on  these  boundary  conditions,  one  can 
obtain  the  strain  components  and  then  through  equation  (2),  the  stress  components  Tz.  Tr. 
and  T^.  superscript  c  and  p  represent  in  ceramic  and  polymer  regimes  respectively  . 

The  voltage  generated  by  the  1-3  tubular  piezocomposite  under  hydrostatic  pressure 
P  is 

Vr  =  1^33^  +^3.(7-,  +  T,)]2Krdr  (3) 

r 

where  g33  and  g3i  are  piezoelectric  coefficients  of  ceramic  tubes  and  the  integration  is  from 
r=ri  to  r=r2. 

The  effective  piezoelectric  coefficient  of  piezocomposite,  therefore,  can  be  defined 
as 


Figure  1.  The  schematic  draw  of  an  unit  cell  of  1-3  mbular  piezoromposite. 
R,  r2  and  ri  are  the  radii  of  unit  cell,  tube  outer  and  inner  respectively. 


where  E  is  the  effective  permittivity  of  the  piezocomposite,  which  is 


e 


ln| 


(6) 


Therefore,  the  effective  hydrostatic  piezoelectric  constant  can  be  expressed  as 


2L 


P^ln 


j[d33r,+d3,(r^  +  r,)P«rdr 


(7) 


The  equation  (1),  (2)  and  (7)  are  solved  and  the  results  are  plotted  in  following 
figures.  Figure  2a  shows  how  the  hydrostatic  piezoelectric  response  dh  of  tubular 
composites  varies  with  the  volume  fraction  of  the  end  capped  tube  (r2^/R^)  for  different 
Poison's  ratios  of  the  polymer  matrix.  Here  the  tube  volume  content  in  a  composite  i> 
defined  as  T2^/R^  and  ceramic  content  as  (r2^ri2VR2^  refering  to  Figure  1.  The  diameterv 
of  piezoelectric  ceramic  tubes  in  the  calculatitHi  are  OD(outer  diameterHl.OS”  and  ID(  inner 
diameter)s0.03''.  Young's  modulus  of  the  polymer  matrix  is  Es4.8xl0^  (the  same  as  that 
of  Spurs  epoxy).  It  is  clear  that  the  hydrostatic  sensitivity  d),  of  1*3  mbular  piezocomposiie 
is  always  lower  than  that  of  end  capped  piezo-ceramic  tube.  For  a  1-3  tubular 
piezoconqx>site  with  Spurs  epoxy  matrix,  dh  is  decreased  significantly  with  the  tube  volume 
fraction  is  reduced  and  at  lower  volume  fraction,  is  much  lower  than  than  of  the  end  capped 
tube.  However,  for  a  composite  with  a  polymer  matrix  of  a  low  Poisson's  ratio,  for 

example  osO.lS,  dh  can  be  very  close  to  that  of  the  single  tube,  which  is  the  dh  value  at 
100%  volume  frvtion.  Therefore,  except  for  a  polymer  with  a  negative  Poison's  ratio,  1  -3 
tubular  composite  hydrostatic  sensitivity  (dh)  is  ^ways  less  than  that  of  the  end  capped 
piezoceramic  tube,  which  is  different  from  tire  !-3  rod  piezoconq>osite.  The  advantage  of 
tte  composite  structure  is  to  integrate  tub^  into  a  polymer  matrix,  which  can  be  used  for 
large  area  applications,  provides  lower  and  adjustible  acoustic  impedance  rmd  density, 
iomtoved  mechanicai  integrity,  and  possibily  a  larger  hydrostatic  figure  of  merit,  while  the 
friction  in  dh  is  small.  For  example,  the  1-3  tubular  piezocomposite  of  20  %  volume 

content  and  a  polymer  matrix  of  <M).1S,  hydrostatic  piezoelecttic  constant  dh  value  is  about 
85%  of  that  of  the  end  capped  ceramic  tube,  however  its  weight  density  and  mechanical 
strength  are  superior  to  a  sij^  ceramic  tube. 

The  hydrostatic  figure  of  merit  of  a  1-3  tubular  composite,  however,  can  be  much 
higher  than  that  of  an  end  capped  tube,  see  Figure  2b.  For  exanqile,  with  a  Poison  ratio  of 

obO.25,  the  hydrostatic  figure  of  merit  for  composite  in  all  the  volume  fraction  is  higher 
than  that  of  a  single  tube  (100%  tube  volume  content)  if  the  stress  transfer  between  the  tube 
and  polymer  matrix  follows  the  isostrain  model.  A  smaller  Poisson's  ratio  of  the  polymer 
matrix  can  have  a  higher  hydrostatic  figure  of  merit. 


dh*gh  -dh  (pC/N) 


Figure  2a.  Hydrostatic  response  of  lO  tubular  piezocomposites  as  a  function 
Df  the  tube  volume  content  and  Poisson's  ratio  of  the  polymer  matrix 
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Hgure  2b.  The  figure  of  merit  of  U3  tubular  piezocomposites  varies  with 
the  tube  volume  content  and  Poisson's  ratio  ofthe  po^iner  matrix 


A  reduction  on  Young's  module  of  polymer  matrix  can  also  improve  hydrostatic 
sensitivity  dh  of  1*3  tubular  composite.  Figure  3  shows  the  relationship  between  dh  and  the 
Young’s  module  of  polymer  matrix  at  different  Possion's  ratios.  At  the  tube  volume  content 
considered  (30%),  dh  reaches  its  saturation  value  when  Young's  module  of  matrix  is 
reduced  to  10^  N/m^.  Further  reduction  in  the  Young's  modulus  of  the  polymer  matrix  u  ill 
not  improve  the  hydrostatic  response.  Apparently,  in  hydrostatic  case,  the  Possion  s  ratio 
is  a  more  important  parameter  than  Young's  module  of  polyimr  matrix. 

(2)  Face  Plate  Case 

From  the  analysis  presented  above,  it  is  clear  that  a  proper  selection  of  polymer 
matrix  can  increase  the  hydrostatic  piezoelectric  sensitivity  of  1-3  tubular  piezocomposite 
significantly.  On  the  o^er  hand,  if  the  aspect  ratio  of  the  ceramic  tube  is  not  very  large,  the 
stress  transfer  between  the  polymer  matrix  and  ceramic  tube  will  deviate  from  that  of  the 
iso-strain  model.  Hence,  the  performance  of  the  1-3  tubular  composites  can  be  improved 
by  optimizing  the  composite  structure.  It  has  been  demonstrated  [23iang  et  al ,  1993b]  that 
the  stress  transfer  between  polymer  matrix  and  ceramic  elements  is  non  uniform  in  the 
thickness  direction  of  1-3  composites.  The  most  of  stress  in  a  1-3  composites  is  transferred 
in  the  surface  region  in  the  z  (tMckness)-direction.  Therefore,  a  rigid  polymer  surface  layer 
will  offer  an  effective  stress  transfer  between  the  polymer  matrix  and  ceramic  tubes  and 
makff  it  approach  that  of  the  iso-strain  value.  It  can  be  expected  that  the  combination  of  rigid 
surface  layer  and  soft  matrix  will  further  improve  the  figure  of  merit  of  a  1-3  tubular 
piezocomposite.  In  addition,  using  a  soft  polymer  matrix  can  lower  the  acoustic  impedance, 
especially  when  the  polymer  matrix  is  in  foamed  strucnire.  By  controlling  the  porosity  in  the 
matrix,  the  acoustic  impedence  of  piezocomposites  and  the  Poisson's  ration  of  the  polymer 
matrix  can  be  adjusted  in  a  wide  range . 

To  model  the  piezoelectric  responses  in  the  rigid  face  plate  case,  a  thin  plate  elastic 
equation  is  used  to  calculate  the  displacement  field  on  the  composite  surface.  In  the 
modeling,  the  composite  is  subjected  to  an  uniaxial  stress  Pi  in  the  z-axis  direction.  The 
basic  equation  is  [Lwdau  and  Lifshitz,  1986]: 


DA^u-PsO 


(8) 


where  D  s  — — ,  h  is  the  thickness  of  the  face  plate,  Y  and  o  are  the  Young's  modulus 
12(1-<j2) 

and  Poisson's  ratio  of  the  face  plate  respectively.  The  stress  P  in  the  equation  depends  on 
Pi  and  parameters  of  the  composite.  By  solving  the  above  equation,  we  can  obtain  the 
displacement  field  of  the  composite  in  the  z-direction  and  then  piezoelectric  responses. 

The  displacement  field  at  the  composite  surface  can  be  divided  into  three  regions 
(refer  to  Figure  1.): 

Repon  i.  inside  the  ceramic  tube,  r<ri 

u~a,+-^r* (9) 
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Region  ii.  in  the  ceramic  tube  wail  region,  ri<r<r2 

u  s  K  (constant)  ( 10) 

Region  iii.  outside  the  ceramic  tube  wall,  r2<r<  R 
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where  ai.  a2,  bi,  l^,  C2,  di  are  the  integration  constants  which  can  be  determined  from  'he 
boundary  conditions:  at  polymer-ceramic  interfaces,  polymer  phase  has  the  same 

du 

displacement  as  the  ceramic  phase  ;  at  r=R.  —  =  0.  Pi  is  pressure  in  z-axis  direction.  The 

at 

results  are  plotted  in  the  figures  4-8. 

Figure  4  shows  the  piezoelectric  performance  of  1-3  mbular  composite  (25%  tube 
volume  content)  as  a  function  of  the  elastic  parameters  of  the  polymer  matrix  under  an 
uniaxial  stress.  Different  from  the  hydrostatic  case,  the  longitudinal  piezoelectric  response 
of  composite  is  less  sensitive  to  Poisson  s  ratio  of  the  polymer  matrix  within  0.15-0.364 
range.  (The  Poisson's  ratio  of  the  polymer  has  a  large  effect  on  the  effective  dsi  coefficient 
of  the  composite.)  However,  the  longitudinal  piezoelectric  response  of  the  composite  is 
more  sensitive  to  the  stiffness  of  the  matrix  polymer.  When  the  stiffness  of  the  polymer  is 
larger  than  1x10^  N/m^  the  longitudinal  piezoelectric  response  of  the  composite  decreases 
dramatically  as  the  stiffness  of  the  polymer  matrix  increase.  In  the  calculation,  a  spurs 
epoxy  (Young's  modulus  is  about  4.8  xlO^  N/m^)  is  used  as  the  rigid  face  plate  with  a 
thickness  of  1  mm.  It  is  obvious  that  to  achieve  a  high  piezoelectric  response  the  face  plate 
has  to  be  10  times  suffer  than  the  matrix  polymer.  Figim  5  shows  the  relationship  between 
the  Young's  modulus  of  the  face  plate  and  piezoelectric  response  of  the  composite.  At  the 
same  tube  volume  content,  a  lar^r  tube  size  requires  a  more  rigid  face  plate. 

As  an  alternative  to  the  increasing  Ytning's  modulus  of  the  face  plate,  increasing  the 
thickness  of  the  face  plate  also  improves  the  stress  transfer  within  the  composite.  Figure  6 
illustrates  the  piezoelectric  response  as  a  ftmetion  of  the  face  plate  thickness  and  different 
tube  OD  size.  Under  the  same  tube  volume  content  (25%  in  this  case),  the  piezoelecuic 
response  increases  as  the  thickness  of  the  face  plate  increases,  there  is  a  threshold  value  in 
the  thickness  of  face  plates,  beyond  this  value  the  piezoelectric  response  of  the  composite  is 
saturated  and  will  not  change  with  the  face  plate  thickness.  The  composite  with  a  smaller 
tube  OD  needs  a  thinner  face  plate  to  reach  tl^  threshold  value.  The  result  is  not  su^rising 
because  the  distance  between  two  ceramic  tubes  is  shorter  in  the  case  of  a  smaller  size  tube 
than  that  of  a  larger  size  tube,  even  if  they  have  the  same  tube  volume  content  (i.e.  same 
OD/R  ratio). 

Figure  7  illustrates  the  piezoelectric  response  of  the  composite  as  a  function  of  OD 
of  ceramic  tubes  with  a  fixed  wall  thickness  and  volume  percent.  The  piezoelectric  response 
of  the  composite  varies  as  either  the  Young's  modulus  or  the  thickness  of  the  face  plate 
changes  wtuch  gives  mote  flexibility  in  the  design  of  1-3  tubular  composites. 

As  we  have  mentioned  above,  the  piezoelectric  response  of  the  composite  is  also 
closely  related  to  the  ceramic  tube  volume  content.  Figure  8  is  a  calculated  result  of  the 
pieoelectric  response  as  a  function  of  the  ceramic  tube  volume  constant  with  different 
Young's  modulus  of  polymer  matrix.  As  expected,  the  piezoelectric  response  of  the 
composite  increases  with  the  increase  of  the  tube  volume  content.  Therefore,  in  the  design 
of  a  composite,  there  is  a  minimum  tube  volume  content  for  a  reasonable  piezoelectric 
response.  From  Figure  8,  we  can  see  that  this  minimum  value  varies  with  the  elastic 
properties  of  the  polymer  matrix.  In  the  calculated  region,  the  softedr  the  polymer  is,  the 
lower  the  minimum  tube  volume  content  can  be.  This  may  be  attributed  to  tb'  fact  that  the 
1-3  tubular  piezocomposite  with  a  softer  polymer  matrix  h»  a  smaller  self-loinluv ,  effect. 

EXPERIMENTAL 

To  verify  the  results  of  theoretical  analysis,  two  types  of  1-3  tubular 
piezocomposites  were  fabricated:  one  with  single  polymer  matrix  and  another  with  a  soft 
polymer  matrix  and  rigid  plates  on  the  two  faces.  The  piezo  ceramic  tubes  were  poled  in 
radial  direction  at  20  kV/cm.  The  piezoelectric  responses  of  these  samples  were  measured 
by  laser  dilatometer  and  hydrostatic  setup.  The  results  are  described  as  follow: 


tub*  -dh  (pC/N) 


Figure  3.  Hydrostatic  refuse  of  1-3  tubular  piezocomposites  as  a  function 
of  Youngfs  modulus  and  Poisson's  ratio  of  tlw  polymer  matrix 


Figure  4.  The  longitudinal  (nezo  response  of  1*3  tubular  piezocomposites  varies 
with  the  sdffiiess  and  Poisson's  ratio  of  the  polymer  matrix.  (d33^  and  d33«‘^ 
are  efifecdve  piezo  omstants  of  composites  and  tubes  respe^iveiy) 


Figure  5.  The  loi^itudinal  piez  response  of  1-3  tubular  piezocomposites 
as  a  function  of  Young's  modulus  of  &ce  plates.(d33“”*  and  d33e''^  are 
efifecdve  piezo  constants  of  composites  and  tubes  respectively) 
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Figuie  6.  The  piezo  response  of  1-3  tubular  faezocomposites  varies 

with  the  thickness  of  ftce  plates. 
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Figure  7.  The  longitudiaai  piez  response  of  1-3  tubular  piezoaMoposites 
as  a  fiinction  of  the  outer  diameter  of  piezo  tid)es.(d33*”"  and  d33c'*^ 
are  effective  piezo  constants  of  composites  and  tubes  respectivety) 


Figure  8.  The  longitudinal  |nezo  response  of  1*3  tubular  fnezooonqxMites  varies 
with  the  volume  content  of  ceramic  tubes  and  the  stiflhess  of  polymer  matrix. 


( 1 )  1*3  tubular  piezocotnposites  with  a  uniform  polymer  matrix  were  made  w  uh  ihe 
tube  content  from  5%  to  40%.  Spurs  epoxy  (o=0.36,  Yss4.8xl0^)  and  was  used  for  the 
polymer  matrix  and  PZT'5H  tube  with  0.05"  OD  and  0.03"  ID  were  used  as  active  phases 
The  results  are  listed  in  table  I.  For  the  composites  of  30%  and  40%  tube  volume  content, 
the  hydrostatic  response  is  almost  the  same  as  that  predicted  by  the  model  calculation  t  see 
figures  2a  and  2b),  while  the  dh  and  dhgh  values  of  5%  and  20%  piezocomposites  are  lower 
than  the  model  prediction.  The  deviation  may  be  attributed  to  the  fact  that,  at  low  tube 
volume  content,  the  polymer  matrix  does  not  transfer  the  stress  as  effectively  as  predicted 
by  the  isostrain  model. 

To  compare  the  effect  of  polymer  softness  and  Poisson's  ratio  on  the  hydrostatic 
sensitivity  of  tubular  composites,  several  1-3  tubular  piezocomposites  were  made  using 
both  spurs  epoxy  (hard  polymer  matrix)  and  a  soft  polymer  (FMI  polymer)  as  the  matn.x 
material.  For  5%  ceramic  tube  volume  content,  the  composite  with  spurs  epoxy  matrix  has 
a  dh  value  of  -1267.9  pC/N  while  the  dh  value  for  the  composite  with  FMI  soft  polymer 
matrix  is  -892  pC/N.  The  smaller  dh  values  in  the  soft  polymer  matrix  composite  is 
attributed  to  the  large  Poisson's  ratio  of  matrix  which  is  consistent  with  the  modeling.  Table 
1  lists  the  piezoelectric  properties  of  1  -3  tubular  piezocomposites  with  various  tube  volume 
contents. 

(2)  1-3  tubular  composites  with  rigid  face  plates  were  made  with  the  tube  content 
from  5%  to  20%.  As  indicated  by  the  theoretical  calculation,  a  rigid  surface  layer  can  offer 
an  effective  stress  transfer  from  the  polymer  matrix  to  the  piezoelectric  tubes  without 
changing  the  softness  of  the  major  polymer  matrix,  and  the  soft  polymer  matrix  can  reduce 
the  self^-loading  and  acoustic  impedence  of  the  composite.  This  unique  feature  gives  one  a 
flexibility  in  designing  tubular  composites  which  have  high  piezoelectric  activities  and 
various  acoustic  impedbuice's.  The  initial  combination  of  the  samples  is  using  spurs  epoxy 
as  face  plates  and  foamed  polyurethane  as  matrix.  The  polyurethane  was  foamed  by  SO 
volume  %  micro  balloons,  llie  measurement  shows  t  S%  tubular  piezocomposite  with 
face  plates  (thickness  -  1mm)  has  a  dh  value  of  1707  pC/N  which  is  higher  than  the 
composite  of  a  homogenous  polymer  matrix  ( 1267.9  pC/N  for  spurs  epoxy  and  892  pC/N 
for  FMI  soft  polymer).  Based  on  theoretical  calculations,  see  Figure  5  ,  it  can  be  expected 
that  increasing  the  stiffness  of  the  face  plates  and  reducing  the  Poisson’s  ratio  of  the 
polymer  matrix  will  further  improve  the  piezoelectric  performance  of  the  composite.  A  20% 
1-3  tubular  composite  with  face  plate  demonstrated  that  dh  is  8200  pCVN  under  200  Pa 
pressure  which  is  also  higher  than  that  of  no  face  plate  and  close  to  the  calculated  value  by 
the  iso-strain  model. 

As  a  summery.  Table  2  lists  some  properties  of  several  convensional  piezo  materials 
to  compare  with  1-3  tubular  piezocotnposites.  It  is  obvious  that  1-3  tubular  piezocomposites 
have  superior  properties  than  other  materials  in  hydrostatic  transducer  {q)plications. 

CONCLUSIONS 

1.  Poisson's  ratio  of  polymer  matrix  plays  a  major  role  in  the  hydrostatic  response 
of  1-3  mbular  piezocomposite.  A  polymer  matrix  with  lower  Poisson's  ratio,  for  example 

0=0. 15,  can  have  a  higher  dh  value  than  that  with  a  higher  Possion  ratio,  and  have  a  larger 
figure  of  merit  than  that  of  a  single  piezocreamic  tube,  especially,  at  lower  ceramic  tube 
volume  content 

2.  The  rigid  face  plates  can  improve  the  pieoelectric  response  and  reduce  the 
acoustic  impedence  of  the  composites.  The  increase  of  face  plate  thickness  or  stiffness  can 
improve  the  effective  stress  transfer  between  polymer  matrix  and  ceramic  tubes. 

3.  The  elastic  stiffness  of  the  matrix  polymer  should  be  at  least  about  10  times 
smaller  than  that  of  the  face  plate  to  increase  the  piezoelectric  response  of  the  composites. 
Further  reducing  the  elastic  stiffness  of  the  polymer  has  no  advantage  in  the  increase  of  the 
piezoelectric  response,  and  reduces  the  mechanical  strength  of  the  composite.  The  optimium 
elastic  stiffness  of  the  soft  polymer  matrix  is  in  the  range  of  10^-10*  m^/N. 


TABLE  1.  PIEZOELECTRIC  PROPERTIES  OF  1-3  TUBULAR  PIEZOCOMPOSITES 
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Abstract  The  dielectric  and  piezoelectric  relaxations  of  poly(vinylidene  fluoride- 
tiifluoroethyiaieX'75/2S)  copolymer  over  the  temperature  interval  of  •  100  to  60  °C  are 
reported  in  this  paper,  A  two-dimension  model  is  proposed  to  explain  the 
experimental  results.  The  expressions  d  piezoelectric  d  constants  from  the  direct  and 
the  converse  effects,  dielectric  constant  and  the  elastic  compliances  are  derived  as 
functions  of  the  physical  properties  of  crystalline  and  amorphous  regions.  The 
numerical  calculations  of  tte  model  are  in  good  agreement  with  the  experimental 
results. 


INTRODUCTION 

The  studies  of  dielectric,  mechanical  and  |riezoelectric  dispersion  are  important  in 
describing  the  dissipation  behavior  of  a  jnezoelectric  material.  In  many  applications,  such 
as  acoustic  target  location  and  multielement  360P  scanning  sonar  transducer,  the 
knowledge  of  complex  piezoelectric  coefficients  is  useful.  The  relaxation  phenomenon  is 
related  to  the  microstructure  of  a  material  and,  therefore,  is  important  in  imderstanding  the 
structure-property  relations  of  a  material.  Due  to  the  nature  of  the  mesoscopic 
morphology  of  semicrystalliiM  polymers,  which  consist  of  crystalline  and  amorphous 
regions,  the  relationship  among  dielectric,  elastic,  and  piezoelectric  relaxations  can  be 
different  from  that  of  piezodectric  ceramics  which  has  b^  studied  relatively  well.  >  >2  in 
typical  piezoelectric  polymers,  several  relaxation  mechanisms  can  coexist  due  to  local 
mode  motion,  side  chain  motion,  and  segment  motion  of  main  chains,  and  idaxation 
occurs  in  both  crystalline  and  amorphous  regions.  Piezoelectric  relaxation  has  been 
studied  on  a  number  of  pdymeric  matmals.^'^  However,  for  PVDF  and  its  copolymers, 
the  only  commercialize  piezoelectric  polymers,  information  is  very  limited  at  present. 
Recentiy,  we  have  carried  out  a  systematic  investigation  d  complex  ^electric,  elastic  and 
piezoelectric  coefficients  of  P(VDF-TtFE)  copdymer.^  It  is  found  that  near  the  glass 
transition  temperature,  die  piezoelectric  properties  also  exhibit  relaxatitm.  However,  the 
relaxation  frequency  of  piezoelectric  coefficients  is  different  from  that  of  dielectric 
constants.  This  is  rimihur  to  previous  experimental  results  of  other  fnezoelectric  polymers, 
in  which  didectric,  piezoelectric  and  elastic  relaxations  occurred  at  different  fr^uencies. 
To  expbin  this  phenomenon,  a  two-dimei»ion  model  is  proposed  to  derive  the 
piezoek  trie,  dielectric,  and  elastic  compliance  coeffidents  of  polymeric  materials. 
Numeried  calculations  show  they  are  in  good  agreement  with  the  experiment  results. 


COMPLEX  PIEZOELECTRIC  COEFFICIENTTS 

The  constitutive  equations  for  a  piezoelectric  material  are:^ 
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~  Tj  +  Co^mn  Eq 
S|  =  Sjj  Tj  +  dm  En, 


(la) 

(lb) 


where  stress  and  electric  field  En  are  taken  as  the  independent  variables,  and  electric 
displacement  bm  and  strain  Si  the  dependent  variables,  respectively;  Sy  and  dmj  are 
dielectric  constant,  elastic  compliance  and  piezoelectric  strain  coefficient  of  the  material, 
respectively;  eq  is  the  free  space  permittivity.  The  complex  material  coefficients  are 
defined  by  the  following  equations:*^ 


^inn  ~  ^mn  ~j  ^inn«  ^ij  ~  ~  j  and  dmj  —  dmj  ~j  dmj  • 


(2) 


For  a  homogeneous  material,  the  piezoelectric  strain  coefficients  dmj,  determined  by 
the  direct  effect  using  Eq.  ( la),  is  the  same  as  that  by  the  converse  effect  using  ( lb). 
However,  for  complex  materials,  such  as  piezoelectric  polymers,  this  equality  nee^  to  be 
verified  because  of  the  complicated  boundary  conditions.  For  a  material  with  complex 
coefficients,  the  response  process  of  the  material  is  not  thermodynamically  reversible. 
Althou^  it  has  been  shown,  through  the  ineverrible  thermodynamics,  that  Eqs.  ( 1 )  are 
still  valid  for  a  single  phase  materiid,  it  is  not  clear  and  is  interesting  to  know  whether  or 
not,  for  multiphase  materials,  the  complex  piezoelectric  constants  measured  through  the 
direct  effect  and  through  the  converse  effect  will  be  equal. 


ERlMETfTALWQRKS  ANP  RESULTS 


P(VDF-Trf^)  (72/25)  copolymer  samples  used  in  this  study  were  purchased  from 
Atochem  North  America  Inc..  The  complex  piezoelectric  coefficients  dmj  of  the 
copolymer  through  the  converse  effect  were  measured  by  a  laser  ultra-dilatometer.^ 


ROUREi  Complex  piezoeiectriccoeflicieius  as 
functiona  of  temperature. 
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Shown  in  Bg.  1  are  the  tensile  complex  d  coefficients  thus  determined  as  a  function  of 
temperature.  For  comparison,  the  complex  dielectric  constant  K33  is  shown  in  Fig.  2. 
Apparently  the  peak  temperature  of  dielectric  loss  is  different  from  that  of  imaginary  part 
of  piezoelectric  constants.  The  complex  d33  constant  of  the  samples  through  the  direct 
effect  was  measured  by  a  high  sensitivity,  phase  sensitive  d33  meter  that  was  developed 
recently  in  this  laboratory.^  The  room  temperature  results  for  the  copolymer  are; 
Id33'i=31.0  pON  and  ld33*l=0.62pC/N,  which  are  consistent  with  those  measured  from 
the  converse  effect  within  the  data  scattering.  To  our  knowledge,  these  are  the  first 
experimental  results  of  a  complex  piezoelectric  coefficient  from  the  direct  and  converse 
effects. 


There  has  been  a  number  of  models  to  predict  and  explain  the  piezoelectric  properties  of 
PVDF  type  materials.  *  However,  the  observed  relaxation  behaviors  of  the  copolymer 
can  not  tx  explained  by  these  models,  in  order  to  understand  the  experimental  results  and 
to  explore  the  interactions  between  crystalline  and  amorphous  regions  involved  in  the 
piezoelectric  responses,  a  model  is  proposed  to  derive  the  expressions  of  material 
coefficients  as  functicms  of  the  properties  of  crystalline  and  amorphous  regions.  For 
simplicity,  only  two  dimension  case  is  considered.  The  material  is  approximated  as 
piezoelectric  crystallites  dispersed  in  nonpiezoelectric,  isotropic  amorphous  matrix,  as 
shown  in  Fig.  3,  in  which  the  3-direction  is  the  polar  direction.  The  mechanical 
properties  of  the  crystalline  regions  are  also  assumed  to  be  isotropic.  Because  of  die 
nonuniformity  of  the  material  and  the  interaction  between  crystalline  and  amorphous 
regions,  the  material  is  divided  into  four  regions.  For  the  crystalline  region,  the 
constitutive  relations  of  the  direct  and  the  converse  effects  are; 


pH  pi 

S3  =  *1  lOa  +  +  *12  » 

Pc 

pll  pi 

s  1  =  Si2(T3 +-i)  +  Sf  1 

Pc 

pQ  pi 

S|=d33^  +  St,2-+Sl2^. 

Pc 

pQ  I  pi 

Si  =<l3i^  +  Si2“^+*iir^» 
Pc 


(3a) 

(3b) 

(3c) 

(3d) 


respectively,  where  T3  is  the  external  stress  in  the  direct  effect  and  ^  is  the  electric  field 
on  the  crystedline  region  in  the  converse  effect;  d33  and  d3i  are  the  intrinsic  piezoelectric 
constants  of  cry^line  regions;  B  and  are  forces  apfdied  by  the  region  AI  and  AH  to 
the  crystalline  region,  respectively;  superscript  c  stands  for  the  crystalline  region.  Similar 
equations  can  be  written  for  the  other  regions.  Using  the  bounda^  conditions,  which  are 
based  on  the  static  force  equilibrium  and  equal  strains  at  boundanes,  all  these  equations 


can  be  solved,  and  the  piezoelectric  constant  from  the  direct  effect  das'*  and  from  the 
converse  effect  dielectric  constant  K33,  and  the  elastic  compliance  sn  can  be 
derived.  For  brevity,  the  detailed  derivaticms  are  omitted  here.  The  final  results  are: 
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fINt) 


R0URE4  Calculated  s*,K*>  and  d*  as  functioas 
of  frequency. 


K^OaPc 

K*ac  +  K'a, 


[d33{l  +  ^XAsiiA  -  Asi  iD) 

AB-CDp^c^Qa  Oc 


-  -^Asi  iB  -  AS12C)]}  +  <bi 
Pc 


l2L-L(-Lf  -L^As,  ,B  -  As,2C)  -  -MAs,2A  -  As,  ,D)1> 

Oc  Ob  p.  Pc 


(4) 


^  ^ ^  apW<^'C  •  <b3B)  -  52(1  +  SsXtbsD  -  da  iA)l 

K^Xc  +  K*<*a  Pa  ^ 

k*p.+  -M!5!- 

K®a,  +  K*Oc 

*11"  (®^  11  +  °#*i)  +  {[""— ;*!<(  1  +  iJ(As  ,2^  ■  As  ,|D) 

Pco  ®a 

-  [  ^A8,2(-^+  +  ^-(OiSl ,  —  OcS,  i)KAs|  iB  -  AsijC)} 

^  Pc  Pa  Pc 


(5) 

(6) 

(7) 


Where  K<^  and  K*  are  dielectric  constant  c  ystalline  and  amorphous  regions, 

respectively;  -  -s|2  /  s| ,  is  the  Pmsson  ratio  of  amwiAous  regicms;  Asij  (s  sfj  •  sfj )  is 
the  elastic  com|diance  difference  of  amorj^ious  and  crystalline  regions;  A,  B,  C,  and  D 
are  quantities  depending  on  the  mechanical  properties  of  both  crystalline  and  amorphous 
regions: 


HEZOELECTRIC  RELAXATION  OF  P(VDF-TrFE) 
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P."*  Pc  P. 

(8a) 

ac  a,  o*  Oc  a. 

(8b) 

C  «  (“^^+  ■  *^2) 

Pc  p,  Oc  ®a  O*  <Xc 

(8c) 

D  ■  "Msi2  ■  *12) 

Pc  P.  Pc 

(8d) 

Similariy,  piezoelectric  constant^  from  bmh  the  direct  and  the  converse  effects  and  the 
elastic  comptiance  812  can  be  derived.  Afmaiently,  Eqs.  (4H'7)  are  too  Comdex  to  reveal 
the  physical  insight  of  the  problem.  To  study  the  relaxation  behaviors  of  these 
coefficients,  numerical  calculations  of  these  equations  were  carried  out  Compufed  with 
relaxation  of  the  propoties  of  amorphous  re^ons,  the  relaxation  frequencies  of  dielectric 
and  piezoelectric  constants  of  crystdline  regimis  could  be  much  hif^r.  Hence,  to  stutfy 
the  effect  of  glass  transition  that  occurs  in  amorphous  regions,  we  assumed  relaxation 
only  occurs  in  amorphous  regions  with  Debye  type: 


Sfj(0l)  *  Sfj(»)  + 


8fi(0)-sfi(oo) 
1  +y  mt 


,and  K*(a>)  ss  K^«))  + 


K^O)-K^co) 
1  +  y  ore 


(9) 


where  x  is  die  relaxarion  time.  The  parameters  used  in  die  calculation  are  listed  in  Table  1. 
The  typical  results  are  shown  in  Fig.  4  with  die  volume  fraction  of  crystalline  regions  of 
0.5ri. 


TABLEl  Fuameters «  thecalculadons 


RClZ 

— 53 — 

•ti*' 

SOXlO-limZ/N 

K^0)** 

10.2 

•12*^ 

-0l5x1O-”iii2/N 

K«(co)‘* 

3.0 

»!i(0) 

5.0x1O^7bj2/n 

d33* 

•dOpON 

t?i(«) 

5.0xl0-”iii2/N 

dsi^ 

20pC/N 

»f2(0) 

-23xl(^7ni2iN 

1. 13x10-78 

•W*) 

4X5XlO-»in2«^ 

FIGURES  Complex dcoeflicient as funciions of 
degree  of  crystalliiiity. 


DISCUSSION 

(1)  As  shown  in  Fig.  4,  the  model  predicts  that  the  relaxation  peaks  of  dielectric, 
iriezoelectric,  and  elastic  coefficients  can  occur  at  different  frequencies.  The  relaxation 
frequency  (rf*  tfielectric  constant  is  lower  than  that  erf  piezoelectric  constant  Using  the 
UHLf  relation,  it  can  be  deduced  that  in  temperature  domain,  the  relaxation  peak  of  d 
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constants  should  occur  at  lower  temperature  compared  with  that  of  dielectric  constant. 
This  conclusion  is  consistent  with  the  experiment^  results  as  shown  in  Figs.  1  and  2. 
The  calculations  also  show  the  differences  among  three  relaxation  frequencies  increase 
with  the  degree  of  crystallinity. 

(2)  The  experimental  results  d[  dielectric  constant  indicate,  in  the  temperature  range  of 

-80  to  60  °C,  the  only  relaxation  observed  in  this  copolymer  is  P-relaxation.  which  is 
associated  with  the  glass  tit^  -^sition  of  non-crystalline  molecules.  On  the  other  hand,  for 
PVDF  type  polymeric  matenals.  it  is  believed  that  the  piezoelectricity  only  exists  in  the 
cryst^line  regions.  Therefore,  for  the  single  crystal  PVDF,  there  should  be  no  relaxation 
at  the  glass  transition  temperature  and  frequency.  The  obxrved  piezoelectric  relaxation 
near  the  glass  transition  tenmrature  clearly  indicate  that  the  piezoelectric  reqronse  of  the 
materials  can  be  strongly  anected  by  the  properties  of  amorphous  regicms.  Again,  this 
confirms  the  results  of  the  theoretical  model  in  which  no  relaxation  is  assumed  in 
crystalline  regions,  and  relaxation  behavior  still  occur  in  the  fHezoelectric  properties  of  the 
mkerial. 

(3)  Experimental  evidence  has  shown  that  the  jriezoelectric  response  of  polymeric 
materials  strongly  depends  on  the  degree  of  crystallinity  of  the  materials.  The  model 
predicts  nonlinear  relations  between  633  constant  and  the  volume  fraction  of  the 
crystalline  regions,  as  shown  in  Fig.  5.  The  decrease  of  the  loss  tangent  is  caused  by  the 
relaxation  free  assumption  of  ^  crystalline  repons. 

(4)  For  P(VDF-TrFE)  (7S/25)  copolymer,  the  complex  d33  coefTicients  measured 
throu^  tile  ^rect  and  converse  effect  are  equal.  This  result  is  consistent  with  the 
numerical  calculations.  Since  this  is  the  first  and  perhaps  the  only  existing  f^ise 
measurement  of  the  cmnplex  piezoelectric  coefTicient,  we  do  not  intend  to  generalize  the 
conclusion  to  other  complex  materials.  Further  themetical  and  experimental  studies  are 
needed. 

(5)  When  volume  fraction  cf  the  crystalline  regions  is  90%,  the  calculated  elastic 
compliance  at  low  frequencies  is  0.95x107  m^/N,  which  is  much  greater  than  the 
measured  compliance  erf* tiie  copolynier  (sns332x  10'*9{q|2/M),  it  is  believed  that  this  Ug 
difference  is  caused  by  the  assumption  t^  oystallite  ate  isolated  by  amorphous  medium. 
In  fact,  when  the  crystallinity  is  high,  the  model  is  not  accurate  because  there  must  be 
some  percolation  of  the  cryst^ine  regions  which  can  ngniflcantly  reduce  the  compliances 
of  a  material. 
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Effects  of  Face  Plates  and  Edge  Strips  on  Hydrost^ic  Piezoelectric  Response 

of  1-3  Composites 

J.  Zhao,  Q.M.  Zhang*,  and  Wenwu  Cao 
Materials  Research  Laboratory, The  Pennsylvania  State  University 
University  Park.  PA.  16802 

Abstract:  Piezoceramic-polymer  composites  with  1-3  connectivity  provide  hi^r  hydrostatic 
figure  of  merit  d^gh  and  low  density,  which  make  them  attractive  for  underwater  applications.  By 

incorporating  rigid  face  plates  on  the  composite  electrode  surfaces,  the  transverse  piezoelectric 
response  can  be  reduced  effectively  and  d\^  increases  significantly.  When  edge  strips  are  put  on  the 

lateral  dimensions,  the  hydrostatic  response  of  the  composite  may  be  further  improved,  depending 
on  the  ratio  (rf*  the  sample  thickness  to  the  sample  lateral  dimensions  and  the  elastic  properties  of  the 
edg9  strips.  In  this  woik  the  effects  of  the  rigid  face  plates  and  the  edge  strips  on  the  piezoelectric 
response  of  1-3  composites  with  different  lateral  dimensions  were  investigated.  All  the 
experimental  features  can  be  well  accouuted  for  by  using  the  shear-coupling  model  developed 
recently  by  us  and  the  isostrain  model.  Baaed  on  these  results  the  relationship  between  di|  ttf  face 

plated  1  -3  composite  and  the  elastic  properties  aS  the  polymer  matrix  as  well  as  other  design 
parameters  is  derived,  which  can  serve  as  a  guideline  to  optimize  the  material  selection  for  1-3 
composites  with  larger  hydrostatic  response. 

Key  words:  composite  materials,  piezoelectricity 


*  Author  to  whom  all  the  correspondence  should  be  addressed. 
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I.  Introduction 

Piezoelectnc  ceramic-polymer  composites  with  1  -3  connectivity  possess  many  promising  features 
which  make  them  attractive  for  hydrostatic  applications As  has  been  demonstrated,  both 
theoretically  and  experimentally,  with  a  small  aspect  ratio  of  the  ceramic  rods  and  a  proper  ceramic 
content,  the  piezoelectric  hydrostatic  figure  of  merit  d|,g|,  (d|,  and  g|,  are  the  piezoelectric  hydrostatic 

charge  and  voltage  coefficients  respectively)  of  a  composite  can  be  substantially  higher  than  the 
constituent  ceramic  phase.--^  However,  to  fully  utilize  the  potential  of  a  1-3  composite  for 
hydrostatic  applications,  several  issues  have  to  be  addressed.  Small  aspect  ratio  of  ceramic  tods 
will  incur  a  high  manufacturing  cost  and  low  reliability  of  the  tods.  The  Poisson's  ratio  effect, 
which  reduces  the  effective  pressure  on  the  polymer  matrix  in  the  ceramic  rod  poling  direction  by  a 
factor  of  ( l-2o)  where  a  is  the  Poisson's  ratio  of  the  polymer  phase,  drastically  cuts  down  the 
effectiveness  of  the  stress  transfer  from  the  polymer  to  the  ceramic  lods.'^  In  the  pest,  a  great  deal 
of  efforts  have  been  devoted  to  address  these  issues  and  some  progress  has  been  made.  One  of  the 
effective  ways  to  improve  the  hydrostatic  response  of  a  1-3  composite  is  to  glue  rigid  face  plates  on 
the  two  electrode  surfaces,  as  schematically  drawn  in  figure  1(a).  Throughout  this  paper,  the 
following  convention  will  be  used:  the  3-directi<m  (or  the  z-diiection)  is  along  the  ceramic  rod  axial 
(poling)  direction,  the  1  and  2-ditectioos  (or  x  and  y-directions)  are  in  the  plane  perpendicular  to  the 
poling  directions. 

The  effect  of  rigid  face  plates  on  a  1-3  piezocomposite  can  be  summarized  as  follows:  ( 1)  it 
improves  the  stress  transfer  between  the  ceramic  rods  and  polymer  matrix  in  the  ceramic  poling 
direction  so  that  the  composite  approaches  the  iso^rain  ntuation;  (2)  it  improves  the  bonding 
between  the  ceramic  rods  and  polymer  matrix;  (3)  it  reduces  Poisson's  ratio  effect  and  the  d3 1 
effect  The  effect  ( 1)  has  been  investigated  and  the  results  have  been  repotted  in  another 
publication.^  The  reason  for  effect  (2)  is  quite  obvious.  In  this  paper,  the  results  of  a  recent 
investigation  on  effect  (3)  will  be  presented  and  in  all  the  discussimi,  the  stress  transfer  in  the  3- 

direction  is  assumed  to  be  that  of  isostrain  results  due  to  the  face  plates. 
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elastic  stiffness  of  the  plates  is  much  higher  than  that  of  the  composite  in  the  lateral  dimensions, 
most  of  the  pressure  in  these  directions  will  be  boro  by  the  face  plates,  which  reduces  the  effective 
d3 1  and  d32  coefTicients  of  the  whole  sample  and  increases  dj,  since  addition 

to  that,  the  much  reduced  lateral  pressure  on  the  polymer  matrix  greatly  reduces  the  Poisson's  ratio 
effect. 

Based  on  an  earlier  work  by  Wang  et  al.^  to  treat  the  clamping  effect  of  the  face  plates  on  1  -3 
composites  and  the  isostrain  model'*^<^  to  calculate  the  effective  material  properties  of  the 
composite,  a  theoretical  treatment  will  be  presented  in  this  paper,  which  quantiwively  analyzes  how 
various  parameters  affect  these  two  effects  and  provides  a  general  guideline  to  the  de»gn  of  a  face 
plated  1-3  composite. 

For  a  face  plated  1-3  composite,  as  shown  schematically  in  figure  1(a),  the  clamping  effect  of  the 
face  plates  in  the  lateral  dimensions  is  through  shear  force,  a  situation  quite  similar  to  a  2-2 
composite.  As  has  been  demonstrated  earlier,->lO  the  effectiveness  of  this  clamping  effect  will 
depend  on  the  sample  dimension,  especially,  the  ratio  of  the  1-3  composite  thickness  t  to  its  lateral 
dimension  L  To  evaluate  this  (hmensiottai  effect,  experiments  were  carried  out  systematically  on  1  - 
3  composites  with  different  ratio  of  t/L.  The  results  are  in  excellent  agreement  with  the  theoretical 
calculation  based  on  the  shear  coupling  model. 

To  improve  the  stress  transfer  in  the  lateral  directions  between  the  face  plates  and  1-3 
composite,  one  can  put  edge  strips  on  the  end  faces  of  the  face  plated  1-3  composite,  as 
schematically  drawn  in  figure  1(b).  The  effect  of  the  edge  strips  on  the  hydrostatic  response  of  1-3 
composite  with  different  dimensiaiis  was  also  investigated  and  will  be  reported  in  the  paper. 

II.  Experiments. 

Two  1-3  composites  with  15  %  volume  ccHitent  ceianuc  tods  and  different  polymer  matrix  were 
made  and  tested.  The  polymer  matrix  for  the  first  composite  (labeled  as  composite  I)  is  Spurts 
epoxy  and  the  second  one  (labeled  as  composite  0)  is  polyurethane  mixed  with  SO  %  volume  of 
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properties.  ^  ^  The  cerunic  rods  of  lead  zirconate  titanatc  (P2T)  used  for  the  two  composites  were 

manufactured  by  CPSS  Co.  (MA).  The  composition  of  the  rods  is  similar  to  that  of  PZTT-SH  and 

the  diameter  of  the  rodi  is  1. 10  mm.  The  piezoelectric  and  dielectric  properties  of  the  PZT  rods 

used  for  the  two  composites  are  also  listed  in  table  1.  Both  composites  were  poled  at  a  poling 

voltage  of  25  kV/cm  at  room  temperature  for  three  minutes. 

The  initial  dimensions  of  the  composite  with  Spurrs  epoxy  matrix  are:  t  =5.62  mm,  L^=  27  mm. 

and  Li=38.5  nun.  Brass  plates  with  thickness  t=0.79  mm  were  used  as  the  face  plates  and  J-B 

weld  cement  of  J-B  weld  Co.  was  used  to  glue  the  brass  plates  to  the  composite.  Glass  reinforced 

polymer  (GRP)  plate  (t=  1 .6  mm)  and  alumina  plate  (t=3  JS  mm)  were  tested  for  edge  strip  materials. 

The  bonding  between  the  edge  strip  and  face  plated  1-3  composite  was  provided  by  a  5  minute 

epoxy  of  Devcon  Corporation. 

The  initial  dimensions  of  the  composite  with  polyurethane  mixed  with  50  %  microballon  matrix 
are:  t=5J4  mm,  L^=35  mm,  and  Lis52,5  mm.  Since  the  elastic  stiffness  of  the  polymer  matrix 

here  is  much  lower  than  that  of  spurrs  epoxy,  a  GRP  plate  (t=1.6  mm)  was  used  for  the  face  plates. 
Silver  epoxy  (Insulating  Materials  Inc.)  was  used  to  glue  the  face  plates  and  1-3  composite  together. 
For  this  structure,  only  alumina  plates  (tsS  mm)  were  used  as  edge  strips.  The  elastic  properties 
of  the  face  plate  materials  as  well  as  the  plates  thickness  are  summarized  in  table  II.  I- 
The  effective  dielectric  constant  c.  the  piezoelectric  hydrostatic  charge  coefficient  d],, 
piezoelectric  d33  coefficients  were  evaluated  for  these  composites.  Surface  prtrfile  scans  using  a 
double  beam  laser  dilatomeler  were  also  made  to  characterize  the  nonuniform  strain  distribudoo  in 
the  face  plated  1-3  composites.^  The  dielectric  constant  was  measured  using  a  HP  muld-frequency 
RLC  meter  (HP4192A ).  The  d^  was  measured  by  a  comparison  method  where  the  test  sample  and 
a  standard  samide  with  known  d^i  value  are  subjected  to  the  same  quasi-stadc  pressure  (50  Hz)  and 
the  charge  outputs  from  the  two  samples  were  ctxnpared.  coefficient  of  the  samples  was 
measured  using  both  a  Berlincourt  d33  meter  and  a  laser  dilatometer.  The  effecdve  d3  j  coefficient 

of  the  composites  was  evaluated  unng  a  laser  dilatometer  and  will  be  discussed  in  detail  later  in  the 
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The  dimensional  effect  of  face  plated  1-3  composites  was  investigated  by  reducing  the  sample 
length  L I  while  keeping  L2  constant.  All  the  relevant  material  parameters  were  evaluated  for 
samples  with  different  Li- 

To  distinguish  the  hydrostatic  charge  coefficient  d|j  measured  for  a  1-3  composite  without  face 
plates  and  with  face  plates,  df,  and  d^'ere  used  corresponding  to  the  two  situations.  The  same 
convention  will  also  be  used  for  the  other  parameters  when  needed. 

III.  Experimental  results  for  composite  I. 

Shown  in  figure  2  is  d^^  of  face  plated  1-3  composite  with  Spurrs  epoxy  matrix  measured  at 
different  L(  For  comparison,  of  the  composite  without  face  plates  was  also  measured  and  it  is 
43  pON.  Clearly,  wiuiout  face  plates,  d),  of  the  composite  is  not  any  better  than  the  ceramic  rods 
even  though  its  value  is  improved  owing  to  the  smaller  effective  dielectric  constant  of  the 

composite.  Face  plates  significantly  increases  the  hydrostatic  piezoelectric  response  of  a  composite. 
Figure  2  also  shows  that  d),^  decreases  drastically  with  decreasing  Li,  which  is  caused  by  the 
incomplete  clamping  of  the  face  plates  on  the  1-3  composite  for  samples  with  large  t/L  ratio. 

If  the  composite  is  effectively  clamped  in  the  lateral  dimensions  by  the  face  plates,  it  is  expect 
that  the  whole  sample  will  exhibit  very  small  d3i  and  <^2  codficients.  Rgure  3(a)  shows  the  lateral 
strain  profiles,  measured  by  the  double  beam  laser  dilatometer,  in  the  1-direction  of  face  plated 
composite  for  different  L)  while  L2  was  kept  constant  and  the  samples  were  driven  with  an  electric 
field  of  IV/m.  These  surface  profiles  are  quite  similar  to  those  of  2-2  composites  measured  earlier, 
which  is  consistent  with  the  fact  that  a  1-3  composite  with  face  {dates  can  be  viewed  as  one 
refieating  unit  of  a  large  2-2  oom{X)site.  Because  d  the  non-uniform  strain  {irofile  in  the  lateral 
directions,  d3 1  should  be  calculated  using  the  relation  d^p^l/Ej  whereat  is  the  averaged  strain  in 
the  1 -direction  and  E3  is  the  applied  electric  field  in  the  3-direction.  The  results  are  plotted  in  figure 
3(b).  For  the  composite  without  face  (dates,  dji  =-128  ()C/V.  Evidently,  the  value  of  d3i  is  greatly 
reduced  by  the  face  plates  es{>ecially  when  t/L]  is  small.  As  L]  decreases,  the  claminng  effect  of 
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face  plates  becomes  less  effective  which  leads  to  the  rapid  increase  of  d3 1 . 

In  practice,  a  face  plated  1-3  composite  may  not  reach  the  limit  t/L  -*0  for  which  dj,^  reaches 

maximum.  Therefore,  it  is  useful  to  know  how  much  dj,*^of  a  face  plated  1-3  composite  is  off  from 
its  limiting  value.  From  our  earlier  work  on  2-2  composites.  ^0  it  can  be  shown  that  both  dh  and  d3 1 
follow  approximately  a  linear  relationship  with  t/L.  Indeed,  the  data  here,  when  plotted  against  t/Lj. 
fall  on  a  straight  line,  as  shown  in  figure  4.  Hence,  the  limiting  value  of  d),*^  and  d3 ,  can  be 
extrapolated  from  the  figure .  For  this  composite  structure,  in  the  t/Lj  -*0  limit,  dj,'  should  reach 
180  pC/N  and  d^ ,  - 15.5  pC/N.  Since  this  dj,*^  value  is  for  the  sample  with  1/2=27  mm.  in  the  limit 
of  both  t/Lj  and  t/L2-*0.  df,*^  should  be  above  200  pON.  For  the  sample  investigated,  at  Li=38.5 
mm  and  1^=27  mm  dh^  value  is  160  pC/N.  which  is  already  about  80  %  of  the  limiting  value. 

To  improve  the  clamping  effect  of  the  face  plates  on  1-3  composites,  edge  strips  were  added  on 
this  face  plated  composite.  Shown  in  figure  5  are  the  comparison  of  strain  profiles  of  the  sample  of 
t/L]=0.196  with  and  without  edge  strips.  Two  different  edge  strips  were  used  here,  one  is  GRP 
plate  (thickness^  1 .6  mm)  and  the  other  is  alumina  plate  (thickness=33  mm),  it  is  evident  that  the 
edge  strips  improve  the  uniformity  of  the  strain  profiles.  For  the  alumina  plates,  the  measured  d3  ] 
value  is  -18«5  pC/N,  which  is  very  close  to  the  limiting  value  of  d^i  att/Li-*0.  However,  the  effect 
of  GRP  plates  is  much  smaller  due  to  its  relatively  lower  elastic  stiffness  and  small  thickness. 

The  comparison  of  the  hydrostatic  charge  coefficient  df,  betwt  <  n  the  three  configurations 
(without  edge  strips,  with  GRP  edge  strips,  and  with  alumina  edge  strips)  is  shown  in  figure  2. 

The  effect  of  GRP  edge  strips  is  not  significant  When  an  edge  strip  is  used  in  face  plated 
composite  structure,  it  will  influence  the  compOMte  response  in  two  opposite  ways.  On  oat  hand, 
it  reduces  d3i  for  samples  with  finite  ^ .,  hence  enhances  d|,.  On  the  other  hand,  it  will  clamp  the 
composite  in  the  3<<lirection  in  the  region  near  it,  which  leads  to  the  reductions  of  d33  and  d),.  This 
latter  effect  is  illustrated  in  figure  6  where  the  surface  profiles  in  the  ceramic  poling  direction  (the  3- 
direction)  for  face  plated  composite  with  and  without  edge  strips  are  compared.  The  interface 
between  the  edge  strip  and  the  face  plated  composite  is  located  at  xsO.  Due  to  the  cancellahon  of  the 
two  competing  effects,  the  GRP  edge  strips  do  not  change  d^  very  much  as  has  been  shown  in 
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figure  2.  la  the  limit  of  t/L-*0,  the  three  configurations  should  yield  the  same  d|,.  That  is.  as  far  as 
the  hydrostatic  response  is  concerned,  the  edge  strips  do  not  make  much  difference  when  t/L  is  very 
small.  However,  the  edge  strips  do  have  the  effect  of  reducing  shear  stress  concentration  at  the  side 
boundaries  of  the  face  plate- 1-3  composite  interface,  which  improve  the  mechanical  integrity  of  the 
composite  structure. 

IV.  Experimental  results  for  composite  II. 

The  polymer  matrix  of  polyurethane  mixed  with  microballon  has  much  smaller  Young's 
modulus  and  Poisson's  ratio  compared  with  Spurrs  epoxy  as  listed  in  table  I.  Without  face  plates, 
the  composite  II  has  a  d^  of  45  pC/N  and  a  d3i  of  -130  pC/N.  Although  softer  polymer  matrix 
reduces  the  polymer  self-loading,  the  much  reduced  shear  modulus  of  the  polymer  matrix  also 
reduces  the  stress  transfer  between  the  polymer  matrix  and  ceramic  rods  resulting  in  a  small  d),. 
With  GRP  face  plates,  d),  value  is  increased  significantly  as  shown  in  figure  7(a).  Similar  to  the 
composite  I,  d|,f  also  exhibits  a  strong  t/L]  dependence.  The  dimensional  dependence  of  d3i^  was 
also  measured  and  is  plotted  in  figure  7(b).  Though  d3|^  value  here  is  comparable  to  those  of 
composite  I,  is  clearly  much  higher  for  the  composite  with  a  sdt  polymer  matrix.  As  will  be 

shown  later  in  the  paper,  this  increase  is  due  to  the  reduction  in  the  polymer  matrix  self-loading 
which  produces  a  higher  effective  stress  level  in  the  ceramic  rods. 

The  influence  of  3.5  nun  thick  alumina  edge  strips  on  the  hydrostatic  response  of  this  face 
plated  composite  is  also  shown  in  figure  7(a).  The  improvement  of  the  edge  strips  on  this  face 
plated  comporite  is  only  about  10%  at  most  This  is  the  result  of  edge  strip  clamping  on  d33 
response  of  the  composite  since  with  a  soft  polymer  matrix,  the  daatic  stiffness  in  the  3-<hrection  is 
much  smaller  than  that  of  the  edge  strips  and  the  effect  of  clamjnng  in  the  3-direction  will  be  more 
severe  in  composite  (I. 

For  composite  Il.theplotsof  d|,*‘andd3/asafanctioD<^t/L|  did  not  fall  on  a  strai^  line.  It 
was  also  found  that  the  didectric  constant  and  piezoelectric  constant  d33^  of  the  sample  decreased  as 
the  sample  dimension  Lidecreaaes.  All  these  uttpnte  different  from  the  resulto  of  composite  I. 
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Careful  inspection  on  composite  II  reveals  that  some  PTT  rods  in  the  composite  were  broken  when 
the  sample  was  recycled  during  the  hydrostatic  measurement  and  during  the  cutting  process  to 
reduce  Li-  To  correct  this,  the  dielectric  constant  e  of  individual  PZT  rods  was  measured  and  the 
data  is  used  to  calculate  the  percentage  a  of  the  broken  rods  in  the  samples  by  assuming  the  sample 
dielectric  constant  do  not  depend  on  the  sample  lateral  dimensions  if  no  ceramic  rod  is  broken  in  the 
sample.  Using  this  method,  the  measured  d33^  d(,^and  d3i^  were  corrected  by  dividing  them  by  the 
factor  (^  ( 1-a)  at  the  corresponding  Li  value.  After  this  correction.  d33^  becomes  almost 
independent  of  the  sample  lateral  dimension  as  we  have  expected.  The  results  after  the  correction  for 
dh*^  and  d3 are  plotted  in  figure  8  and  indeed,  the  data  follow  a  linear  relationship  with  1/L  i . 

From  the  linear  extrapolation,  the  limiting  values  of  dh^  and  d3  at  l/Li-*0  are  obtained  and  they 
are  440  pC/N  and  -6.6  pON  respectively.  Therefore,  the  hydrostatic  figure  of  merit  for  this 
configuration  can  be  as  high  as  50,600*  10-15  m2/N. 

In  table  III,  the  values  of  dj,.  d3i,  dh^.  ds/.  measured  at  smallest  t/Li  ratio,  and  the  values  of 
dh^,  d|,f  at  t/Lj-^),  as  well  as  the  hydrostatic  figure  of  merit  for  the  two  composites  are  listed. 
Needless  to  say,  the  exceptionally  high  d^gi^.  high  d^,  light  weight,  and  relative  easiness  of 
manufacturing  face  plated  1-3  composites  make  them  superior  compared  with  currently  available 
hydrophone  designs. 

V.  Theoretical  treatment  of  clamping  effect  face  plates  on  1-3  composites 

From  the  experimental  results  in  the  sections  in  and  IV,  it  is  clear  that  in  order  to  have  a  high 
hydrostatic  response  of  a  face  plated  1-3  composite,  a  polymer  matrix  with  a  low  Young’s 
modulus  is  preferred.  On  the  other  hand,  a  1-3  composite  made  of  soft  polymer  matrix  such  as 
foamed  polyurethane  used  here  has  the  problem  of  low  mechanical  integrity,  which  may  result  in 
failure  of  a  device.  In  practice,  one  has  to  balance  these  two  effects.  In  this  section,  we  will 
present  a  theoretical  treatment  which  relates  various  design  parameters  to  the  hydrostatic  response 
of  aface  plated  1-3  composite. 

Qamptng  dfect  of  stiff  face  plates  on  a  soft  piezoelectric  material  has  been  analyzed  by  Wang  et 
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(1) 


a|9 


d5l=  dJz  =  -'31 


1  + 


2(S|  i-t-sTi) 

Y<sn+*i2) 


4^ 

Sii+Si2 


(2) 


4  =  ^>317- 

Y(Sn+Si2>+2(lTr+sT2) 


(3) 


where  the  quantities  on  the  left  hand  side  of  the  equations  are  those  for  the  face  plated  samples. 

The  quantities  with  a  bar  on  the  top  (such  as  2^)  on  the  right  hand  side  of  the  equations  are  those 
for  the  soft  piezoelectric  material  and  the  superscript  b  refers  to  the  face  plate.  ^  ~  ^  is  the 

thickness  ratio  of  the  piezoelectric  material  to  die  face  plate.  Equations  ( 1),  (2),  and  (3)  are  derived 
under  the  condition  that  the  lateral  strains  in  the  face  plate  and  the  soft  piezoelectric  material  ate 
equal,  a  situation  corresponds  to  t/L-^  limit  here. 

To  use  these  equations  for  the  face  plated  1>3  composite,  the  effective  material  properties  have 
to  be  evaluated.  Though  the  behavior  of  composites  without  face  plates  can  be  quite  different  from 
that  calculated  based  on  the  isostrain  model,  it  is  shown  that  the  difference  of  the  strain  profile 
between  the  polymer  and  ceramic  rods  in  the  3-direcdon  becomes  very  small  for  composites  with 
thick  face  plates,  and  the  composite  can  be  treated  using  the  isostrain  model. ^ 

The  ba«c  assumption  for  the  isostrain  modd  used  here  is  that  the  strains  in  both  the  polymer 
and  ceramic  rods  in  the  3>diiection  are  equal  while  the  stresses  in  the  1- and  2-ditections  in  the  two 

constituents  are  the  same.  Based  on  these  assumptions,  it  can  be  derived 

y^3^3 _  (4) 

T3  V^3+(1-V^3 

^-57-  »S3^3 _  (5) 

T3  V*S§3+(l->ns|3 

where  the  superscripts  p  and  c  refers  to  the  polymer  and  ceramic,  respectively. 

Assuming  the  sample  is  subjected  to  a  stress  T|  in  1  or  2  direction,  from  the  constitutive 

9 


relations  and  isostiess  assumption,  one  can  get 

S|=sS3n-5bT,  <6) 

S' =:S^,T  1+5^313  O) 

S^:=s^2T, +5^311  (8) 

For  the  polymer  phase,  similar  equations  can  be  obtained  by  simply  replacing  superscript  c  by  p. 
Further  more. 


VT|+(  1-V')T;=0 

(9) 

l^=d'33T3V'-Kd'3,T,V' 

(10) 

5I=V'S"2-KI-V')S5 

(ID 

57=v'S^+(i-v')s; 

(12) 

Solving  these  equations  yield: 

^.ST_s53*?i(l-V'KV'sP.st3 

tr— 


(13) 


m  =  ( 1-V't»f l-»l3(S?3-»bX  1-V=)C.]  <  I-*' 
i73  =  (l-V')[sfj+s;3(s'j-stj)V'<!j<-V{it2-st3(sfj-jt3Xl-V=)<i]  dS 


ZTi  =  <l33V'cJst3($f3.st3K  I-VC)}f<l3  (V*  (16) 

where  Ca=l/((  1-V^)s|3H-s^|V').  From  these  reladotts,  ^  and  d3|^are  calculated  for  the  two 
composite  structures  investigated.  Some  of  the  material  parameters  used  for  the  calculations  have 
been  listed  in  tables  I  and  11  and  the  elastic  compliance  data  for  PZT -SH  ate  used  for  the  ceramic 
rods,  which  are  listed  in  table  IV.  (y=7.1  for  spurts  epoxy  composite  and  y=3.46  for  polyurethane 
composite).  The  calculated  results  for  the  composite  with  Spurrs  epoxy  matrix  (composite  I)  are, 
d|,f  =171  pCVN  and  d3j^  =- 17.6  pC/N;  and  for  the  compoute  with  foamed  polymer  matrix 

(composite  II),  =480  PC7N  and  <^1=  -0.2  PC/N.  These  values  are  in  very  good  agreement 
with  the  experimental  data  when  extrapolated  to  t/L|  and  t/L2 -»0  limit  It  indicates  that  the 

theoretical  results  here  provide  quite  accurate  prethcdon  on  the  hydrostatic  response  of  a  face  plated 
1-3  composite. 
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From  the  above  equations,  the  relationship  between  the  hydrostatic  response  of  a  face  plated  1  - 
3  composite  and  Sj  |P  and  a  of  the  polymer  can  be  derived: 

dh  -  ‘*33*? l^C,+  [V'‘*3 l-V'( l-V®)d33C,($^3+OS?,)l 

_  2Y(*f>H^s«,)^[V^sP,sP3-sS30sP,(l.V^)| 

,+sf  2K2(V*(s^  i+shH(  1-V')s^,(  l-o)-2V'c,(  l-V=Kst3+osP,)2l 
Figure  9(a)  shows  the  dependence  of  d^f  on  s,  jP  for  three  different  Poisson's  ratio  of  the  polymer 
matrix:  o=  0. 15, 03,  and  0.4.  GRP  is  used  here  as  face  plates.  The  ceramic  used  in  the 
calculation  is  PZT-SH.^^  The  ceramic  rods  content  of  15%  and  a  y  of  3.5  are  used  in  the 
calculation.  From  figure  9(a),  it  is  clear  that  the  effect  of  the  Poisson's  ratio  of  the  polymer  phase 
on  d),^  depends  critically  on  the  elastic  compliance  of  the  polymer.  When  the  elastic  comi^iance  of 
the  polymer  matrix  is  below,  for  example,  5*10^,  there  is  little  change  in  d),  when  the  Pmsson's 
ratio  is  increased  from  0. 15  to  0.4.  However,  a  drastical  decrease  of  d|,^  with  o  occurs  for 
polymers  with  srtudler  elastic  compliance.  Further  more,  there  is  not  much  decrease  in  d),^  when 
s^P  is  reduced  from  5*  10^  (close  to  the  value  of  the  foamed  polyurethane  used  for  the  composite 
•  II)  to  5*  lO'^,  a  polymer  ten  times  hard  than  the  polymer  matrix  used  for  the  composite  11.  With  an 
elastically  stiffer  polymer  matrix,  the  mechanical  integrity  of  the  device  is  improved  significantly 
while  there  is  not  much  loss  in  the  hydrostatic  respcxise.  This  illustrates  that  fora  composite  with  a 
polymer  matrix  ten  times  stiffer  than  the  polymer  matrix  for  the  composite  11,  there  is  little 
reduction  in  the  hydrostatic  figure  of  merit  while  there  is  a  substantial  increase  in  its  mechanical 
integrity.  Apparently,  spurrs  epoxy  is  not  a  suitable  chmce  either  for  the  polymer  matrix  for  the 
face  plated  1-3  composite  discussed  here. 

Hgure  9(b)  shows  the  dependence  of  d|,^  on  s j  |P  with  different  ratio  y  (thickness  ratio  d*  1-3 
compoute  to  the  face  plate)  with  o=03  for  the  polymer  matrix,  which  should  provide  valuable 
information  on  the  selection  of  face  plate  thickness  in  reference  with  the  thickness  of  1-3 
composite, 

VI.  Summary. 

The  hydrostatic  response  <^a  1-3  compete  can  be  significantly  increased  by  using  face  plates 


to  ( I )  improve  the  stress  transfer  in  the  3 -direction;  (2)  reduce  the  Poisson's  ratio  effect  and  d3j 
effect;  (3)  improve  the  mechanical  integrity  of  the  composite  structure.  In  this  paper,  we  show  that 
for  a  face  plated  1-3  composite  with  a  soft  polymer  matrix  and  15%  ceramic  rod  content .  its 
hydrostatic  figure  of  merit  d^gh  can  reach  more  than  50,000*  10-15  (m-/N).  However,  due  to  the 
nature  of  the  shear  coupling  between  the  face  plates  and  1-3  composite,  the  hydrostatic  response  of 
a  face  plated  1-3  composite  will  depend  on  the  sample  lateral  dimensions.  The  hydrostatic  response 
will  increase  as  the  ratio  of  the  thickness  to  the  lateral  dimension  (t/L)  becomes  small,  for  a  large 
t/L  ratio,  improvement  of  the  hydrostatic  response  due  to  the  face  plates  is  not  significant.  One 
possible  method  to  increase  d^  for  samples  with  a  targe  t/L  ratio  is  to  use  edge  strips.  However, 
the  study  here  shows  that  the  effect  is  not  significant  due  to  the  two  opposite  roles  an  edge  strip 
plays  on  a  face  plated  1-3  composite.  Therefore,  the  key  to  increase  hydrostatic  response  is  to  use 
small  t/L  ratio  for  a  face  plated  1-3  composite. 

To  balance  the  requirement  of  high  hydrostatic  sensitivity  and  mechanical  integrity,  a  proper 
polymer  matrix  with  the  right  elastic  properties  should  be  used.  In  the  paper,  we  showed  that  the 
two  face  plated  composites  tested  represent  the  two  extreme  cases  with  the  Spurn  epoxy  matrix  on 
the  hard  side  and  the  polyurethane  with  S0%  microballon  on  the  soft  side  of  the  polymer  matrix 
spectrum.  A  polymer  matrix  with  its  elastic  properties  in  between  the  two  would  be  a  good  choice 
to  balance  the  two  requirements  as  mentioned  above.  In  general,  the  theoretical  results  presented 
here  can  provide  a  useful  guideline  for  the  optimum  design  of  face  plated  1-3  comporites. 
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Table  I.  Some  properties  of  the  polymer  matrix  and  PZT  rods  for  the  two  composites 


s,iP(m-/N)  oP  d33(pC/N)  d^iipC/U)  e 

Composite  I  2*10'*®  0J6  450  -208  2333 

Composite  II  5*  lO"*  0.2  481  -222  2533 


TaUell.  Properties  of  face  plates 


t  (mm) 

sii(m2/N) 

S|2 

GRP 

1.6 

2.63*10^11 

-0.789*10-“ 

Brass 

0.79 

0.97*10-ll 

-032*10^“ 

Table  III.  Summary  of  the  prqrerties  (rf*  the  two  composites 


djifpC/N) 

<lfa 

djif 

djif (limit)  dfafdimit) 

d|,lg|,f  (limit)  (m-/N) 

Compo«te  I  -128 

43 

-34.8 

154 

-17 

181 

7378(10-»5) 

Composite  H  -130 

45 

-23.9 

414 

-6.6 

438 

50,600(10-15) 

*  and  are  for  1-3  composite  without  face  plates,  d3|f  and  are  for  1-3  composites  with 

face  plates  at  their  initial  dimenston,  d3if  (limiOand  d|,f(liniit)  are  taken  from  figures  4  and  8. 
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Figure  capcioos: 


Figure  1.  (a)  Schematic  drawing  of  a  face  plated  1-3  composite;  (b)  schematic  drawing  of  a  face 
plated  1-3  composite  with  edge  strips  at  two  end  faces  in  the  1 -direction. 

Figure  2.  The  hydrostatic  charge  coefficient  of  composite  I  (Spurn  epoxy  matrix)  as  a  function  of 
the  sample  lateral  dimension  Lp  Curve  I  is  for  the  composite  without  edge  strips,  curve  2  is  for 
the  composite  with  alumina  edge  strips,  and  curve  3  is  for  the  composite  with  GRP  edge  strips. 
Solid  lines  are  drawn  to  guide  eyes. 

Figure  3.  (a)  The  lateral  strain  Si  prc^ile  of  the  composite  1  under  1  V/m  driving  electric  field  for 
different  tA..!  ratio.  The  label  for  each  curve  is  the  ratio  ifL\.  The  incomplete  clamping  of  the  face 
plates  on  1-3  composite  is  reflected  by  the  non-uniform  strain  profile  of  Si;  (b)  The  dependence  of 
dsi^ on  the  sample  lateral  dimension  Li. 

Figure  4.  The  linear  relationship  between  dh^  and  l/Li- 

Hgure  5.  The  comparison  of  the  strain  pn^le  SI  for  the  face  plated  composite  I  at  t/Lis0.196. 
Curve  a  is  for  the  composite  with  alumina  edge  strips,  curve  b  is  for  the  composite  with  GRP  edge 
strips,  and  curve  c  is  the  one  widiout  edge  strips.  The  composites  were  driven  under  1  V/m  electric 
field. 

Rgure  6.  The  effect  of  edge  strips  on  the  longitudinal  strain  S3.  For  the  comparison,  S3  for  the 
composite  without  edge  strips  is  shown  in  curve  a.  Curve  b  is  for  die  composite  with  GRP  edge 
strips  and  curve  c  is  for  the  alumina  edge  strips.  The  interface  between  the  face  plated  compoMte 
and  edge  strip  is  at  x=0. 
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Figure  7.  (a)  The  dependence  of  dh^on  the  sample  lateral  dimension  Li  for  the  composite  II. 
Curve  a  is  for  the  composite  without  edge  strips  and  curve  b  is  that  with  alumina  edge  strips, 
(b)  The  dependence  of  d3i^  on  the  sample  lateral  dimension  Lt  for  the  composite  II. 


Figure  8.  The  modified  dh*^  and  d3i^( corrected  for  the  broken  rods  in  the  composite)  as  a  function 
of  1/Li. 

Figure  9.  (a)  The  dependence  of  dh^  of  a  face  plated  1-3  composite,  which  has  1S%  PZT  5H  rod 
content  and  GRP  face  plates  with  y=^.5.  on  the  cmnpliance  si  i  of  the  polymer  matrix.  Three 
Poisson's  ratios  are  used:  0=0.15. 03.  and  0.4  as  labeled  on  the  figure.  The  curves  are  calculated 
using  equation  ( 17);  (b)  The  dependence  of  dh^  of  a  face  plated  1-3  composite,  which  has  15% 
PZT  ^  rod  content  and  GRPface  plates,  on  the  compliance  si  i  of  the  polymer  matrix  for 
different  Y  (the  thickness  ratio  of  the  face  plate  tb  and  the  1-3  composite  t). 
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